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Abstract

The quaternary alloy InGaAsSb is a promising material system for applications
in the short-wave infrared (SWIR) spectral region due to its flexible bandgap
that can be tuned for wavelengths between 1.7 and 3 pum while remaining lattice
matched to GaSh. Despite its increasing prominence in various infrared applications,
there is a notable lack of reliable information available on some of the important
material properties, particularly for alloys with low indium fractions. Therefore,
a more comprehensive analysis of various material and device characteristics is
needed to inform the design and development of optimal structures employing this
material system. This thesis reports on the growth, fabrication, and characterisation
of InyGaj;_xAs,Sb;_y p-i-n photodiodes with 0 < x < 0.30 to investigate the
potential of this alloy to provide an alternative to current SWIR technologies,
across a more comprehensive bandgap range between 1.7 and 3 pm. The sample
growth was carried out via molecular beam epitaxy (MBE) on n-type GaSb
substrates. Good crystallinity was achieved in samples with x < 0.15, with signs of
thermodynamically-induced phase separation seen in samples with x > 0.15. Both
the absorption coefficient and external quantum efficiency (EQE) increased with
increasing In fractions in the alloy, up to 8500 cm™! at 2.2 um and 70% at 1.55 ym
measured in Ing 26GaAsSb, respectively. Moreover, the EQE was largely independent
of applied bias, suggesting a minority carrier diffusion length that is greater than
1 pm. The bandgap energies extracted from the absorption data exhibited the
expected decrease from 0.722 eV measured in GaSb to 0.422 eV measured in

Ing 30GaAsShb. Electrical characterisation of InGaAsSb p-i-n photodiodes revealed
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a significant improvement in both dark current density, which was found to be
limited by surface leakage, and zero-bias dynamic resistance-area (RoA) product
with the introduction of In and As to the alloy. The best performance was seen
in the Ingg43GaAsSb photodiode which measured a dark current density and RoA
product of 0.36 mA/cm? at -100 mV and 194 Qcm?, respectively. Furthermore,
the background carrier concentration extracted from capacitance-voltage (CV)
measurements reduced significantly from 2.7 x 10® cm™3 in GaSb to 6 x 10
cm ™3 in Ing30GaAsSb which points to a reduced native defect concentration. Dark
current and RgA product gradually worsened towards even higher In fractions in
the alloy as a result of the bandgap narrowing which increased Shockley-Read-Hall
(SRH) generation-recombination. The photodetectors’ signal-to-noise performance
was summarised with the calculation of specific detectivity which was found to
be dominated by leakage and similarly peaked in the Ingo43GaAsSb photodiode at
8.08 x 10'Y Jones and -10 mV, before reducing towards even higher In fractions
in the alloy. The performance of these photodiodes is comparable to commercially

available extended InGaAs detectors.
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Chapter 1

Introduction and Overview of

e-SWIR Detector Structures

The short-wave infrared (SWIR) spectral region, spanning between 1 and 3 pum,
contains absorption fingerprints of various important compounds such as COs,
CH4, HyO, NHj, glucose, and many others[l], [2]. Therefore, sensing in this
region is crucial for applications in remote sensing, telecommunications, medical
sensing, defense, and many other fields|3], [4]. As a result, development of high-
performance and reliable SWIR detectors has become the focus of much research
and development. Various material systems have been employed over the years to
facilitate detection in this spectral region, including HgCdTe, Ge, InAs, PbS, and
InGaAs. However, current commercial SWIR detectors based on these materials
are limited by their low responsivity, narrow spectral response range and/or large
noise at room temperature which limits their applications and increases cost[3].
Furthermore, the spectral range between 1.7 um (marked by the cutoff wavelength
of InP lattice matched InGaAs) and the beginning of the mid-wave infrared (MWIR)
at 3 pum, known as the extended short-wave infrared, or e-SWIR, is considered
a performance gap for infrared photodetectors|2|, [5]. For this reason, various
bulk and superlattice structures have been developed to aid detection in the e-

SWIR region[4]. These are InGaAs/GaAsSb type-II superlattices grown on InP
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Chapter 1. Introduction and Overview of e-SWIR Detector Structures

substrates|6], [7], and InAs/GaSb[8], InAs/GaSb/AlISb/GaSb[9], InAs/AlISb[10],
InAs/InSb/AlSb/InSb[11], and InAs/InAsSb/AlAsSb[12] superlattices as well as
bulk InPSb[13] grown on GaSb substrates. However, extended-InGaAs detectors,
grown lattice mismatched to InP substrates to achieve wavelengths up to ~ 3 pm[14],
are still the standard solution, despite the many issues encountered during growth
and fabrication of such mismatched structures|2], [5]. The performance of extended
InGaAs detectors drops off rapidly beyond 1.7 um due to increasing mismatch which
causes strain-induced defects such as threading dislocations|2], [15], leading to higher
leakage currents. The high defect density also reduces yield making the fabrication

of focal plane arrays (FPAs) with this material challenging[4].

The quaternary alloy InGaAsSbh, lattice-matched to GaSb, has emerged as the
most promising alternative to current technologies for detection in the e-SWIR
region, with InGaAsSb-based detectors already widely used for environmental
monitoring and gas sensing|16], [17]. The advantage in using this material system
comes from its highly flexible bandgap which can be tuned for applications in the
entire e-SWIR region and beyond, between the GaSb cutoff at 1.7 ym and 4.9 pm, all
whilst remaining lattice-matched to GaSb|[18]. At one end of this spectrum, GaSb-
based photodetectors have routinely underperformed their InGaAs counterparts due
to various growth and fabrication issues. Epitaxial GaSb is know to suffer from a
high concentration of native defects introduced during growth which gives rise to its
high residual p-type background. Additionally, the GaSb surface is highly reactive
and prone to oxidisation which creates surface leakage channels[19], [20]. Both of
these issues negatively impact the detector performance by increasing unwanted
dark currents and limiting responsivity. Although similar fabrication issues were
noted in other Sb-based photodetectors, InGaAsSb has shown promise as a lower-
leakage, higher-detectivity alternative to GaSb and potentially extended-InGaAs for
applications in the e-SWIR. Due to its flexibility, InGaAsSb has already established
itself as the active region in many infrared structures including photodetectors|21],

[22], thermophotovoltaic (TPV) cells[23], [24], light-emitting diodes[25], [26], and

2



lasers[27], [28].

Growth of this alloy has been successfully realized via various epitaxy techniques,
including LPE[29], [30], MOCVD|31], [32], OMVPE]|33|, [34], and MBE[18|, [35],
although not without difficulties. InGaAsSb contains a large miscibility gap which
limits the growth of layers with In fractions greater than ~ 20 — 30% depending
on the growth technique and conditions employed|18], [33]. Within this region, the
alloy is subject to spinodal decomposition, whereby it decomposes into a mixture
of GaAs- and InSh-rich quaternary phases|36|, [37]. However, this phase separation
can be suppressed when growing InGaAsSb layers under non-equilibrium conditions,
i.e lower growth temperatures. For this reason, molecular beam epitaxy was found
to be the most suitable method for growing InGaAsSb due to the much lower growth
temperatures achievable which successfully exploits surface dynamics and limits
phase separation[16], [36]. Growth of InGaAsSb layers with cutoff wavelengths up
to ~ 3 pum has been successfully demonstrated via MBE[22]. Additionally, digital
alloys have been explored as an alternative to traditional bulk structures as a way of
obtaining compositions within the miscibility gap. This digital alloying technique,
also known as "modulated beam growth”, refers to the growth of a short-period
superlattice (thin layers of alternating alloys with very short periodicity)[38]. Such
a structure is typically engineered to emulate a quaternary alloy and exhibit some
of the same properties such as the bandgap energy or refractive index|38], [39].
However, growing digital alloys comes with its own set of challenges. This alloying
technique requires precise control of layer thicknesses and very sharp interfaces in
order to maintain the correct periodicity, where issues such interfacial segregation,
localization of carriers, and strain accumulation in the case of mismatched layers

need to be addressed|[38], [40].

Despite the increased interest in the InGaAsSb material system, most work
reports on single alloy compositions with a focus on higher In fractions in the
alloy[41]-]46], with no study to date that overviews material properties and

detector performance across the more comprehensive bandgap range between 1.7
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Chapter 1. Introduction and Overview of e-SWIR Detector Structures

and 3 pm. Furthermore, there is a lack of reliable information available on
some of the important material properties, such as the absorption coefficient and
the compositional dependence of bandgap energy, needed to successfully design
structures employing this material. It is essential to build a thorough understanding
of InGaAsSb material properties and device performance characteristics in order to
truly exploit its potential through the design and development of optimal structures.
Therefore, the main aim of this work was to study how the various material and
device properties of InGaAsSb vary with increasing In fractions in the alloy, from
0% In in pure GaSb, to the onset of the miscibility gap in alloys with ~30% In. To
enable such comparison, a homojunction p-i-n device structure was chosen, where
the growth and fabrication of these photodiodes was carried out under consistent
conditions.

Chapter [2] provides the theoretical background necessary to understand the
function of infrared photodetectors, while chapter [3| gives a summary of available
literature on GaSb and InGaAsSb with a focus on growth and fabrication issues
as well as detector performance. Chapter [4| presents the experimental methods
employed for the growth, fabrication, as well as characterisation of InGaAsSbh
photodiodes. MBE-growth of high quality In,Ga;_yAs,Sb;_, layers with 0 <
x < 0.30 was demonstrated in chapter and the issues with phase separation
encountered when approaching the miscibility limit are discussed. Moreover, this
chapter reports on the material properties of InGaAsSb layers with a focus on the
absorption coefficient and the variation in the bandgap energy with In fraction.
Various electrical properties of InGaAsSb photodiodes including leakage currents,
dynamic resistance, capacitance, and quantum efficiency are presented in chapter [6]
Finally, as the ultimate figure of merit that defines signal-to-noise performance of a

detector, specific detectivity is presented as a function of alloy composition.



Chapter 2

Background Theory

This chapter introduces the key concepts needed to understand the function
and properties of infrared photodetectors presented in this work. These include
absorption processes in a bulk semiconductor material, physics of p-i-n junctions,
leakage characteristics of p-i-n photodiodes, the role of junction capacitance in such
diodes, and finally the quantum efficiency and specific detectivity as important

parameters which define the performance of the detectors.

2.1 Absorption coefficient

The absorption coefficient, «, is defined as the fraction of the light intensity, I,

absorbed per unit length (or thickness) of an optical medium, such that

— =™ (2.1)

where [j is the incident light intensity, and ¢ is the thickness of the medium. Likewise,
transmission through a medium, 7', is defined as the ratio of the transmitted light
intensity, I, to incident light intensity, i.e. T = I/Iy. In order to calculate the
absorption coefficient of a thin film, one has to consider multiple reflections from
the front and back surfaces. In the case of incoherent light, where the thickness of

the film, ¢, is much greater than the coherence length of the light, the interference
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effects are negligible and the transmission through the film is given by:

I (1—R)(1— Ry)e™
po L _ (- R)U = Rye (2.2)
I() 1-— RlRQG_Qo‘t

where Ry and R, are reflectivities at the front and back surfaces respectively[47]. If

Ry = Ry = R, the above expression can be simplified to:

T (1 _ R)2e—at

1 — R2e2at (23)
where the reflectivity, R, is given by[47]:
In—112/|n + 1|2 (2.4)

Here, n is the refractive index of the film. In the case of coherent light, where the
coherence length is greater than the thickness of the medium, interference fringes

will arise and the transmission through a medium is given by:

T . (1 — R1>(1 — Rg)e_at
1 —2v/R R, cos (¢p)e~t + Ry Rye—20t
where ¢ is the phase angle between the reflected and transmitted light given by

(2.5)

(4mnt)/Xo. Here, Ao is the wavelength of light in vacuum. Such interference
effects are seen in GaSb and InGaAsSb samples grown on semi insulating GaAs
substrates due to the relatively large difference in the refractive indices between the
two materials and their respective thicknesses. Equation [2.5 will be adjusted to fit

the more complex structures presented in this work in section [5.5.1

2.1.1 Absorption processes in a semiconductor material

The fundamental absorption in semiconductors refers to band-to-band transitions,
i.e. excitation of electrons from the valence to the conduction band when
photons with energies greater than or equal to the bandgap are incident on the
material[48]. The bandgap energy, E,, of a semiconductor is defined as the energy

separation between the parabolic conduction band minimum and the valence band

6
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maximum[49]. In ITII-V compound semiconductors, the absorption coefficient rapidly

I and continues

increases at the fundamental edge, typically up to ~ 10* cm~
to increase steadily at higher photon energies[50]. The magnitude of absorption
depends on the density of states (DOS) near the conduction and valence band edges
which varies between different materials. A lower DOS in one of the bands will lead
to a lower absorption coefficient near the fundamental absorption edge, whereas a
high DOS in both the valence and conduction bands will lead to a markedly higher

absorption.

The absorption coefficient in a semiconductor material can be described by:

alhv) = A(hv — E,)" (2.6)

for hv > E,;, where hv is photon energy, and A is a constant[47], [48], [51]. In a direct
gap material, where the conduction band minimum and the valence band maximum
are located at k = 0, the absorption increases with a square root dependence on
energy, and n = 1/2. In a perfect crystalline intrinsic semiconductor, there is no
absorption for hv < E,. However, the introduction of impurities, as well as alloying
which often degrades material homogeneity and leads to defect formation, causes
a perturbation of the band structure resulting in the formation of localized states
with a lower density near the band edges, extending them into the bandgap[48],
[52], |53]. This band tailing due to lattice disorder enables sub-bandgap absorption
which is known to have an exponential dependence on energy for hv < E,, and can

be empirically described by:

a = apexp|(hv — E,)/Ey) (2.7)

where FEp is the characteristic Urbach energy which defines the width of the
absorption tail, and «q is the absorption coefficient at the bandgap energy|47],
[54], [55]. Figure shows the absorption coefficient of a typical direct-gap
semiconductor.

The investigation of the Urbach energy plays an important role in determining the

7
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Figure 2.1: Absorption coefficient of an arbitrary semiconductor with a 0.5 eV
bandgap and an Urbach energy of 5 meV. The dashed line represents the ideal case

with no sub-bandgap absorption.

material quality of a quaternary alloy like InGaAsSb which can suffer from alloying
induced defects and phase separation often seen in various epitaxy techniques,
particularly in alloys with higher indium fractions which approach the onset of the
miscibility gap. A detailed investigation of the absorption edge and Urbach energy

of samples presented in this work is conducted in section [5.5.2]

2.2 Device physics

2.2.1 p-n junction

To understand the operation of p-i-n photodiodes presented in this work, we first
need to understand the workings of a simple p-n junction - the building block of the
vast majority of opto-electronic devices.

A p-n junction is formed when a p-type and an n-type semiconductors are

jointed together. Holes from the p-side diffuse across the junction and combine
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with electrons from the n-side, leaving behind negatively charged acceptor centres.
The same happens with electrons which diffuse across the junction into the p-side,
recombining with holes and leaving behind positively charged donor centres, as

illustrated in figure [2.2p.

(@) zero bias

pt |- - -

hy ~>

(b)

(c)

Figure 2.2: Operation of a p-n photodiode under zero bias. a) Diffusion and
recombination of carriers creates the depletion region. b) Band bending ensures the

Fermi level, £y, remains constant across the junction. c¢) Electric field distribution.

As the fixed charges build up around the junction, an electric field is produced
which opposes further carrier diffusion across the junction. At the same time, any

thermally generated minority carriers near the junction will be accelerated by the
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electric field and give rise to a drift current which flows in the opposite direction to
the diffusion current. An equilibrium will be reached with no net current flow across

the junction, such that:

Laigr + Layige = 0 (2.8)

where I4¢p and Iy are the diffusion and drift currents respectively.

The region near the junction that is now depleted of free carriers is called the
depletion region or the space-charge region, and will be discussed in more detail in
the following sections. Band bending ensures the Fermi level, F¢, remains constant
across the junction as can be seen in figure[2.2p, and the resulting potential difference
between the p and n sides at thermal equilibrium is called the built-in potential,
Vo. Applying forward bias to the p-n junction decreases the depletion layer width
and reduces the built-in potential enabling more holes and electrons to overcome
the smaller potential barrier and diffuse across the junction, i.e. minority carrier
injection occurs and current flows through the junction. This is the operating
condition for light emitting diodes|56].

Applying reverse bias has the opposite effect on the diode; the depletion
width increases and so does the built-in potential, greatly reducing the diffusion
currents[56], as illustrated in figure 2.3h. However, the large electric field enables
the flow of thermally generated minority carriers across the junction. This current
is known as the reverse saturation current. A band diagram of a p-n junction
under reverse bias is illustrated in figure 2.3pb. A photodiode is operated under
reverse bias to ensure only a very small current flows in the circuit when no light
is present[47]. When photons with energy greater than or equal to the bandgap of
the semiconductor are incident on a photodiode, they are absorbed in the material
creating electron-hole pairs (EHPs). If these are created within the depletion region
(or a diffusion length away from it), the electric field separates the EHPs which drift

towards the diode terminals, and induce a current flow in the external circuit. This

10
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current is known as the photocurrent.

(a) reverse bias - |+
<—E
. S
p -i- - -1+ + +i+[ n*
hy ~> Sl- - -+
1

Ec =
hv ~>|
Ey 5

Figure 2.3: Operation of a p-n photodiode under reverse bias. a) The depletion
region penetrates deeper into the n and p layers. b) Applied voltage, Vi, increases

the potential step which is equal to e(Vy 4+ Vz). d) Electric field distribution.

A wider depletion region is preferable to ensure efficient collection of the EHPs
and maximisation of the quantum efficiency as well as lower junction capacitance,
hence a p-n photodiode is typically operated at a large reverse bias. Likewise, the
top p layer is kept thin to minimise the chances of photons being absorbed away

from the depletion region[57].

11
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The main disadvantage of a p-n diode is the small depletion width which prevents
operation at high modulation frequencies due to a higher junction capacitance, and
also limits the device’s ability to collect photocurrent. Since the penetration depth of
light is inversely proportional to the absorption coefficient, in a p-n structure with a
junction located near the surface, longer wavelengths will penetrate beyond the small
depletion width. Likewise, if the junction is located deeper in the structure, shorter
wavelengths will not reach the depletion region, while the longer wavelengths can
still penetrate beyond. In both cases some of the incident photons will be absorbed
outside of the depletion region where there is no field to separate the EHPs. A p-i-n
diode does not suffer from such limitations which makes it one of the most common

photodetector structures|56].

2.2.2 p-i-n junction

The p-i-n structure, illustrated in figure is widely used in many opto-electronic
devices, including photodetectors, light-emitting diodes, solar cells, and optical
modulators[47]. What differentiates this structure from the basic p-n junction diode
is the existence of a relatively thick intrinsic region between the p and n layers[5§].
The intrinsic layer has a high resistivity due to a very low doping level, which
allows the depletion region to extend through to the n layer with relatively low
bias, providing a large depleted volume with an electric field to separate EHPs.
It is important to note, however, that in practice the intrinsic layer is lightly
(unintentionally) doped which results in the electric field not being entirely uniform
across the depletion layer[56]. The p-i-n diode is usually kept at a sufficiently high
voltage which keeps the intrinsic region fully depleted of carriers. The result is a
diode with a depletion width that is practically independent of applied bias, unlike
the p-n diode[59).

The majority of the incident photons are absorbed in the fully depleted intrinsic
layer whose electric field separates the EHPs created either in the depletion region,

or within a diffusion length of it. The resulting holes and electrons drift across the

12
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Figure 2.4: a) Operation of a p-i-n photodiode. b) Energy band diagram under

reverse bias. ¢) Electric field distribution.

depletion layer and are collected by the contacts. A thicker intrinsic layer increases
the responsivity of the diode as more photons are being absorbed in the wider
depletion region, however, it also reduces the response time which is limited by
the drift time of the photogenerated carriers across the depletion layer[56]. The
penetration depth of photons into the intrinsic region is also wavelength-dependant,
all of which influences the structure design depending on the desired outcome[58]. To

minimise absorption outside of the depletion region one can employ a heterojunction

13
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p-i-n structure with transparent n and p cladding layers. In detectors that employ
the InGaAsSb absorber, a common cladding (or window) layer is the wide-bandgap
AlGaAsSb [60], [61]. However, this was not attempted in this work since the
focus was on studying the material properties rather than optimising a specific

photodetector structure.

2.2.2.1 Current-voltage characteristics

Current flowing through a biased p-i-n junction can generally be described by the
ideal diode equation|57]:
I = Iy(exp(¢V/kT) —1) (2.9)

where [y is the reverse saturation current, V is the applied voltage, k is the
Boltzmann constant, and 7' is the temperature. From equation [2.9] we can see that
the current increases exponentially with forward bias, whereas with reverse bias the
exponential term approaches zero and the total current in the diode is equal to the
reverse saturation current (the rate of thermally generated minority carrier drift
across the junction) if applied voltage is greater than a few kT'/q. This represents
the ideal diffusion-limited case, where the dark current under reverse bias is caused
by injection of electrons from the p side into the n side and vice versa, the injection
of holes from the n side into the p side. Here, dark current refers to any current that
flows through a reverse biased p-i-n junction without illumination. However, most
diodes deviate from the above expression due to additional effects that were not
considered. The most notable additional contributions to the overall diode current
are: (i) generation and recombination of carriers in the depletion region, (ii) band-
to-band or trap-assisted tunnelling, (iii) Auger generation, (iv) Ohmic losses, and (v)
surface effects. These originate either from the bulk of the material (bulk currents),

or the exposed surface of the devices (surface currents).

14
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Bulk currents

(i) Shockley-Read-Hall generation-recombination

One of the assumptions made in the derivation of equation [2.9|is that recombination
and thermal generation of carriers take place in the neutral p and n regions.
However, both of these processes can occur within the depletion region. Generation
of carriers within the depletion region can take place via two main mechanisms;
band-to-band generation of EHPs, and generation by emission from recombination
centres, also known as Shockley-Read-Hall (SRH) generation-recombination. If the
depletion width is smaller than the diffusion length of electron and holes, band-
to band EHP generation within the depletion region has a negligible additional
contribution to the reverse current. However, most semiconductors contain
recombination centres, the most significant ones being those located near the middle
of the bandgap due to lattice defects and/or impurities. It is the release of carriers
from these generation centres, i.e. SRH generation, that can notably increase the
reverse current. An electron will be thermally excited from the recombination centre
to the conduction band leaving behind an empty state which will subsequently be
occupied by a thermally excited valence electron, which in turn leaves behind a hole
in the valence band. Since the depletion region has a very small carrier concentration
under reverse bias, the generated carriers are swept away by the strong electric
field before recombination can take place, hence net generation occurs. Since this
generation occurs within the depletion region, and the depletion width increases

with reverse bias according to[62]:

26067‘ (“A ND)
W = Vo —V 1
\/ (& NqND ( 0 ) (2 0)

where ¢ is the vacuum permittivity, €, is the relative permittivity of the semicon-
ductor, e is the electron charge, N4 and Np are the concentrations of acceptors
and donors respectively, and V is the applied voltage, then the reverse current

also increases approximately with the square root of reverse bias[62] (unlike in
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the diffusion limited case where the reverse current plateaus). This type of
generation is particularly influential in wider bandgap semiconductors since band-
to-band generation in neutral regions in such materials is small[62]. SRH generation
is typically the main source of unwanted leakage currents in junction detectors.
InGaAsSb has a small enough bandgap and a relatively high defect density compared
to more mature semiconductor materials such as silicon, which would suggest SRH
generation is likely to be a significant factor. Different leakage mechanisms found in
InGaAsSb photodiodes, including SRH generation, will be discussed in more detail
in section 6. 1.1l

In forward bias, where there is no strong electric field to sweep out the generated
carriers before they can recombine, current due to recombination of carriers within
the depletion region becomes non-negligible. This recombination current increases
approximately with exp(qV/2kT), instead of exp(qV/kT) which holds true for
recombination in neutral p and n regions. Hence the diode equation can be re-

written as|62]:

I = Ip(exp(qV/nkT) — 1) (2.11)

where n is the ideality factor which determines the deviation from the ideal
characteristics, and is approximately equal to 1 in the ideal diffusion limited case,
but approaches 2 when the recombination current dominates. Recombination
current typically dominates at lower injection levels where the trapping and
subsequent release of carriers from the recombination centres in the depletion
region is comparable to the recombination of carriers in the neutral regions.
However, at higher injection levels, this recombination pathway saturates while the

recombination in the neutral regions continues to increase and becomes dominant.

(ii) Tunneling current
In a reverse biased junction, filled states of the p-region valence band are
energetically on the same level as the empty states of the n-region conduction band,

separated only by the width of the depletion region, which serves as a potential
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barrier. It is possible for electrons to tunnel directly across the junction from the
valence band to the conduction band at sufficiently high reverse voltages, where the
potential barrier between the p and n regions is thinned by the large induced electric
field[62]. This allows the carriers to more easily overcome the potential barrier. This

tunneling current can be described by the following expression:

* 3 4 ¥ 3/2
_\/quEVe (_ V2m*Ey ) (2.12)

RNy N
where m* is the electron effective mass, F is the average field inside the junction, V' is
the applied reverse voltage, and & is the reduced Planck’s constant (h/27)[63]. This
type of current is significant in highly doped junctions where the depletion region is
very narrow and the electric field at the junction very large|62], since the tunneling
current has an exponential dependence on the electric field. The tunneling current
also depends on the electron effective mass which can vary significantly between
different materials, as well as the bandgap energy which gives rise to a very weak
temperature dependence of this type of current. Its dependence on both the electric
field and the temperature are used to identify the tunneling IV characteristics.

Another tunneling mechanisms is indirect trap-assisted tunneling. In this case,
a carrier is thermally excited from one of the bands into a trap state (created by
impurities or defects), before tunneling through to the other band. This type of
tunneling occurs at lower voltages compared to direct tunneling since the carriers
have a shorter distance to tunnel[64]. Figure shows some of the leakage

mechanisms in a reverse-biased p-i-n diode.

(iii) Auger generation

Auger generation is a three-carrier band-to-band process which can take place via
several different mechanisms depending on the electronic band structure of the
semiconductor in question[65]. In infrared detectors, this typically refers to the
thermal generation of carriers via Auger 1 and Auger 7 processes in n- and p-type

semiconductors, respectively, where Auger 1 is generally greater[66]. In Auger 1, an
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Figure 2.5: Leakage mechanisms in a reverse-biased p-i-n junction diode: a) band-to-
band EHP generation, b) trap-assisted generation, c) trap-assisted generation within

the depletion region, d) trap-assisted tunneling, e) direct band-to-band tunneling.

electron from the conduction band gives its energy to an electron in the valence band,
which is in turn excited to the conduction band leaving behind a heavy hole[48].
Auger processes are dependent on carrier concentration and as such are significant
in highly doped structures and at high injection levels and temperatures. Due to the
structure and operating conditions of the photodiodes in this work, Auger generation

is considered negligible.

(iv) Ohmic losses

Another deviation from the ideal diode equation comes as a result of a voltage drop
across imperfect external contacts, or the neutral p and n regions if their resistivity
is not sufficiently low, or if the injected minority carrier density is comparable to the
majority carrier concentration, i.e. if the current is high enough. In the low current
regime, the voltage drop appears almost entirely across the junction. However, as the
current increases, the injected minority carrier concentration exceeds the majority
carrier concentration, causing an ohmic potential drop across the neutral n and p
regions. In this case, the current is once again proportional to exp(qV/2kT) as is

the case with SRH dominated current at much lower injection levels|63]. However,
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this is not a concern for photodetector applications since such a diode is typically
operated in a low current regime, with the exception of TPV or PV cells where the
current is large and the ohmic losses are notable.

Additionally, at such high injection levels, this voltage drop across the neutral
n and p regions causes a decrease in junction voltage. The same is true for any
voltage drop across external contacts, which is more relevant in photodetector
applications. In a simplified case, these ohmic losses can be represented by a resistor,
R, connected in series with the diode[62]. In this case the junction voltage can be

written as V — I R, and the diode equation becomes:
I = Iy(exp(q(V — IR,)/nkT) — 1) (2.13)

where IR, is the voltage drop across the neutral regions and/or external contacts
represented by the series resistor. Clearly, this voltage drop increases with increasing
current through the junction, which in turn causes an increasing difference between
applied voltage and junction voltage. The result is a slower increase in current with
increasing bias at higher injection levels, i.e. the diode current no longer increases

exponentially with applied voltage.

(v) Surface currents

Surface currents are mainly caused by ionic charges on the semiconductor surface
collected by its dangling bonds as the material abruptly terminates. These charges
induce mirror charges in the semiconductor which leads to the formation of surface
channels|63]. This in turn changes the junction depletion region at the surface. The
abrupt termination of the surface also creates energy states within the bandgap
which increases SRH generation-recombination[64]. Unlike bulk currents which are
proportional to the area of the device mesas, surface currents scale with the device
perimeter. They can often be the limiting factor of photodetector performance
and as such require the development of fabrication techniques to minimise their
occurrence. This is often achieved with the passivation of the semiconductor

surface, a process in which the surface is chemically treated to minimise the
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creation of the conduction channels. Passivation is often followed by (or combined
with) encapsulation with a chemically inert and optically transparent insulating
material to stabilise the surface. Another option for reducing surface currents is the
development of a planar fabrication flow, but this has its own challenges, hence new
material technologies are usually initially developed into mesa etched diodes.

These additional conduction paths run parallel to the surface and can be
represented by a shunt resistor connected in parallel with the diode. Finally, the
total current in the diode can be written as a sum of all of the aforementioned
independent contributions as|64]:

q(V — IRy) V — IR

= I |expll —2fs) g Y T g 2.14
0| XPT T tTgR, T (2.14)

where Ry, is the shunt resistance due to surface leakage contributions. Different
current mechanisms typically dominate at different voltage ranges. Figure shows
forward and reverse IV characteristics of a p-i-n junction diode.

In forward bias and at low current levels, generation-recombination current
dominates and n =~ 2, at moderate current levels, diffusion current dominates and
n ~ 1, and at high current levels, high injection occurs and n tends towards 2 once
again. At even higher current levels, ohmic losses due to voltage drop across the
neutral regions and external contacts reduce voltage drop across the junction leading
to a slower increase in current. In reverse bias, generation of carriers within the
depletion region and surface effects cause an increase in the overall diode current, so
that Ig.qe > Ip. Additionally, this reverse saturation current density can be written

as a sum of the bulk and surface current contributions as[31]:

Ip P
Z =Jg+ Jg_,« + <Z) Js (2.15)

where [p is the diode current, A is the device area, P is the device perimeter, and
Ja, Jg—r, and Js are the reverse saturation current densities due to the diffusion
of carriers, generation-recombination of carriers in the depletion region, and the

recombination of carriers at the mesa surface, respectively. In a device where bulk
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Figure 2.6: IV characteristics of a typical p-i-n junction diode, adapted from Sze et
al.[63], showing voltage-dependent leakage mechanisms; a) shunt resistance effects,
b) recombination current region, ¢) diffusion current region, d) high injection region,
e) series resistance effects, and f) reverse leakage due to generation current and

surface effects.

diffusion and/or generation-recombination currents dominate, the diode current
is independent of the P/A ratio. However, if the surface current due to the
recombination of carriers at the exposed mesa edges is the dominant source of
leakage, then the dark current density increases with decreasing device dimensions,

represented by an increasing P/A ratio.

Dynamic resistance
Another useful figure of merit is the dynamic resistance, Ry, defined as dV/dI, often
measured at 0 V (the so-called zero bias resistance, Ry). It is often more useful to

look at the R4A product which provides an insight into dynamic resistance relative
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to the device size. Similarly to leakage current, dynamic resistance is dependant on
the diffusion and generation-recombination bulk currents, as well as surface currents,
and can be expressed as a sum of the three. Bhagwat et al.[31] adopted a model that
describes the dependence of 1/R;A on P/A ratio developed by Gopal et al.[67], [68]
for MCT (mercury cadmium telluride) photodetectors. According to this model,
the 1/RyA is given by[31]:

(REA) _ ( (ROZ)D +7 Roj)g_r)+(meo—bs> (;)*(LZ%(ROZS)) (%2;)

where L, is the minority hole diffusion length, and (RyA)p, (RoA)s—r, and (RoAs)s

are the zero bias resistance area products due to the diffusion of carriers, generation-
recombination of carriers, and surface recombination at the exposed mesa edges,
respectively. The above model accounts for the fact that the the diffusion length of
minority carriers is much greater than the thickness of the p and n regions. In a
device with negligible surface leakage, 1/RpA is independent of device dimensions.
However, if surface currents are the dominant leakage mechanism, then 1/RyA will
increase with increasing P/A ratio, showing a quadratic dependence. The x-axis
intercept (at P/A = 0), provides the upper RyA limit that can be achieved for a
given material system, assuming an infinite diode with no surface effects. In other
words, it provides the RyA due to the bulk properties alone.

An extension of this model that accounts for angled mesa sidewalls often seen in
wet-etched devices has been developed by Prineas|69]. In this case, the 1/RyA can

be expressed as:

(RiA> - (RolA)D + (%@) (%)
+ <(LP — (wn/cos0))* N xitmﬂe) (p>2 1

4 8 A

(2.17)

(ROAS)S
where x,, is the etch depth past the junction and 6 is the angle of the sidewall. As is

evident from the above equation, even in devices with angled sidewalls 1/RyA has
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a quadratic dependence on P/A if the device is limited by surface leakage.
The dynamic resistance of a photodiode can impact the design of a circuit used to
measure or amplify its photocurrent. Hence it is also valuable to characterise and

report it to the wider community, in the area normalised RyA format.

2.2.2.2 Junction capacitance

Another important parameter of a p-i-n photodiode is the junction capacitance due
to the dipole in the depletion region which dominates under reverse bias. Junction
capacitance is defined as C' = dQ/dV, where dQ) is the incremental change in the
depletion region charge per unit area, caused by an incremental change in the applied
voltage, dV'. In order to maintain overall charge neutrality of the depletion region,
the total amount of charges on the p and n sides respectively must remain equal,

such that:

w,N4 = w,Np (2.18)

where w,, and w,, are widths of the depletion region on the p and n sides,
respectively. Hence the diode acts as a parallel plate capacitor with an area,
A, separated by the width of the depletion region, W. Therefore, the junction
capacitance, C, is given by|[59], [62]:

€0€r

%%
According to equation [2.18] the depletion region will extend into the n and p

C=A (2.19)

regions unequally if the two layers have different doping levels. If the intrinsic region
of the p-i-n junction is lightly p doped, then Np >> N4, and the depletion region
will extend much further into the p layer. This also means that the intrinsic region
will deplete of carriers much quicker due to its several magnitudes lower doping
concentration than the surrounding p and n layers.

In such an asymmetrically doped junction, the depletion region will extend almost

entirely into the less heavily doped side such that w, ~ W, while w,, = 0. Since the
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total charge, (), on each side of the depletion region is given by

Q| = qAw,Np = qAw, N, (2.20)

where width of the depletion region given in equation can be simplified to

2€0€,
— 2.21
W=y 2aey (2.21)

in the case where Np >> Ny, then the total charge in the depletion region is equal

to

QI = Ay/2eco6,Na(Vo — V) (2.22)

The capacitance of the single sided junction, defined as |dQ/d(V,—V')|, is then given
by:

c=2 N 2.23
e, (2.23)
if Np >> Ny, or
A | 2eepe,
C— N 2.24
N (2.24)

if Ny >> Np. Hence it is possible to extract the doping concentration of the lightly
doped region from a capacitance measurement, if the applied reverse voltage V' is

much greater than V4[62]. The doping concentration is then given by:

20%V

Nap=—5—
’ eA2¢pe,

(2.25)

2.2.3 Quantum efficiency

The external quantum efficiency (EQE), 1, of a photodetector is defined as a fraction
of charge carriers generated for each incident photon that flow in the external
circuit[47], and is given by:

hv 1.24
n= [pce_P - Ipc P)\ (226)
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where I, is the photocurrent, P is the incident optical power, and A is the wavelength
in micrometers. A quantum efficiency of 1 would imply that every incident photon on
the detector produces one EHP that contributes to the external current. However,
EQE of a photodetector is always less than unity due to reflection losses at the
top surface as well as absorption of photons outside of the depletion region where
they can recombine without being collected by the electric field of the p-n junction.
Even photogenerated carriers in the depletion region can recombine or fall into traps
without contributing to the photocurrent[56]. The internal quantum efficiency is
defined as the number of photogenerated EHPs per absorbed photon and is a good
indicator of the material and device quality which influences the detector’s ability

to convert optical input into electrical signal.

Responsivity of a photodetector, R, is defined as the photocurrent (number of
photogenerated carriers) produced for a given optical power and is related to the
external quantum efficiency through[58|:
I A A

R= == AW (2.27)
Both responsivity and quantum efficiency initially increase with increasing photon
energy with the peak located close to the bandgap energy, before gradually
decreasing due to the absorption of photons outside of the depletion region[5§].
As mentioned previously, at higher photon energies fewer EHPs are created in the
depletion region as more light is being absorbed in the top p layer, since the fraction
of light absorbed in the length of the material, ¢, is equal to (1 —e~*), assuming no

reflection at the top surface[47].

2.2.4 Specific detectivity

Another important device parameter is the specific detectivity, D*, which considers

both the responsivity and leakage current in order to characterise the signal-to-noise
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performance of a detector. It is given by:

(2.28)

where J is the dark current density. Specific detectivity is also often defined as the
reciprocal of the noise-equivalent power, D* = 1/N E'P, where NEP is the minimum
power needed to produce a signal above the noise floor of the device[70]. Equation
takes into account both Johnson and shot noise, where the former is associated
with thermal noise in the detector and the latter is noise due to fluctuations in the
movement of charge across a junction or interface [51]. Another possible source of
noise in photodetectors is flicker noise defined as 1/f, which is caused by traps that
stem from impurities and crystal defects as well as dangling bonds, and is associated
with current flow|71], [72]. It is difficult to quantify flicker noise as it depends on the
crystal imperfections in a given device, which often varies between devices even from
the same wafer[71]. Due to its strong dependence on frequency it often dominates
over Johnson and Shot noise at lower frequencies[72]. It is also strongly temperature
and bias dependent, i.e. flicker noise increases with increasing bias[73|. Flicker noise
has not been characterised in the photodiodes presented in this work, but can often

lead to detectors having more noise than is considered in the above approximation.
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Literature Review

This chapter provides a summary of relevant literature on GaSh-based photode-
tectors. The first section outlines the growth and fabrication issues of GaSb
photodetectors with a focus on the origin of native defects and leakage currents. The
second section focuses on the InGaAsSb material system, outlining growth challenges

and summarizing the progress achieved in InGaAsSb-based photodetectors.

3.1 GaSb

GaSb, with a cutoff wavelength of 1.7 um (0.73 eV bandgap), has routinely demon-
strated poor detector performance due to various growth and fabrication limitations.
Epitaxially grown GaSb suffers from high background doping concentrations, while
GaSb-based devices exhibit large unwanted dark currents. Despite these issues,
it remains an integral part of many semiconductor heterostructures/optoelectronic
devices with various applications in the near and mid-IR.

Nominally undoped epitaxial GaSb is known to always be p-type regardless
of growth conditions and technique employed|20], [74]-]|77], with a typical carrier
concentration on the order of 10 — 107 ecm™ [74], [77]-[79]. It has been well-
established that this p-type conductivity originates from native defects in GaSb
rather than impurities introduced during crystal growth[74], [76]. The origin and the
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nature of such defects has been studied in great detail over the years, and is believed
to be related to Sb vacancies and Gagy, antisites (Ga on Sb site)[80]. Longenbach
and Wang[81] have proposed that it is the low vapor pressure of antimony and
the resulting low surface mobility of Sb atoms during crystal growth that causes
the Sb atoms to aggregate together forming clusters and precipitates. This leads
to the creation of Sb vacancies which can become occupied by Ga atoms, finally
resulting in the formation of Gag;, antisite defects which are responsible for the
p-type conductivity in GaSb. Moreover, several experiments have been conducted
in an attempt to minimise the occurrence of native defects in GaSh and produce

samples with reduced background doping concentrations.

Lee et al.|75] investigated the effect of substrate temperature and excess antimony
flux on both optical and electrical properties of MBE-grown GaSb layers and have
found that the best material quality is achieved with the minimum excess antimony
flux at a particular growth temperature, with the lowest background doping of
7.8 x 10 cm™3 achieved. Similarly, Chidley et al.[76] studied the effect of growth
temperature and V/III ratio on the material quality in organometallic vapour phase
epitaxy (OMVPE) grown GaSb samples and have found that the latter can be
used to minimise the native defect density and in turn produce samples with better
optical and electrical properties. Although a higher V/III ratio was found to produce
samples of higher quality, the highest ratio used was only ~ 2, hence more data is
needed to establish the effect excess Sb on material quality. Similar investigation
has been conducted on liquid phase epitaxy (LPE) grown GaSb by Anayama et
al.[80] who studied the effect of growth temperature and solution composition
on the background carrier concentration. They found that reducing the growth
temperature below 600°C and growing from Sh-rich solutions significantly reduced
the native defects in the material, producing GaSb layers with carrier concentration
as low as 2 x 10 cm™ at 590°C. While growing from a liquid phase is substantially
different than growing from a vapour phase, it emphasises the importance of carefully

controlling the V/III ratio regardless of the growth technique employed.
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However, there are some contradictory results. A later experiment conducted by
Turner et al.[77] showed little to no effect of varying the growth temperature and
V/III beam-equivalent pressure (BEP) ratio on the background carrier concentration
in MBE-grown GaSb samples. A similar observation was made a year later by
Baraldi et al.[82] who found that the background hole concentration was almost
independent of the BEP ratios in MBE-grown GaSb layers. In a more recent
experimental study, Lazzari et al.[46] confirmed that growing GaSbh via LPE from
an Sb-rich phase and at lower temperatures reduced the background doping.
Additionally, n-type conductivity believed to be a result of extrinsic impurities
was achieved at very low temperatures. However, they did not find a notable
variation in the background doping in MBE-grown GaSb layers when varying growth
temperature and V/III ratio, but the small range of parameters used might have
prevented noticeable change. As a result of their study, they highlight the need
for developing a solid-vapor thermodynamical model for MBE-grown GaSb which
takes into account the evaporation of Sb from the surface during growth in order to

accurately describe the defect formation process.

Several theoretical studies employing different iterations of the hybrid density-
functional theory (DFT) model have been carried out in an attempt to identify the
dominant native defect responsible for the p-type background in GaSbh, and predict
the concentration of such defects under different growth conditions. Hakala et al.[83]
have found, in line with previous research, that the dominant native defect is indeed
the Gag, antisite which acts as an acceptor. Another result of their calculation is
a decrease in the residual hole concentration in Sb-rich conditions as well as lower
growth temperatures. Later theoretical work conducted by Virkkala et al.[84] agrees
with the Gag, antisite defect being the dominant source of the background hole
concentration, but only in Ga-rich growth conditions. They also predict a decrease
in Gagy, antisites and a corresponding reduction in the p-type conductivity when
moving towards Sb-rich conditions. However, counter to experimental findings, the

model also predicts Sbg, antisite becoming the dominant defect in Sb-rich growth
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conditions, which would result in the background doping of GaSbh switching from p-
to n-type when grown under such conditions. More recently, Buckeridge et al.[85]
have reached a similar conclusion. Their results show that GaSb will be p-type in
Sb-poor conditions, but semi-insulating when grown in Sb-rich conditions due to the
compensating nature of the Shg, antisite. In an attempt to explain the discrepancy
between the calculations and experiment, they proposed that the formation of the
compensating Sbg, defect might be suppressed in non-equilibrium growth techniques
or other unwanted p-type impurities might be introduced during growth.

Despite some discrepancies in theoretical calculations, several other experiments
employing positron lifetime spectroscopy (PAS) have been carried out in the
meantime, all further supporting the conclusion that the Gag, antisite is the
dominant native defect responsible for background p-type conductivity in nominally
undoped GaSb|79], [86], [87].

Beside the growth challenges, one is also faced with fabrication challenges of
GaSb devices, namely the high surface leakage present in most Sbh-based alloys
which was shown to be the main contribution to the overall dark current in Sh-based
photodetectors|19]. The GaSb surface is highly reactive and is covered in a layer of
native oxides, a mixture of SboO3 and GayO3, when exposed to air. The SboO3 then
spontaneously reacts with GaSb to produce GayO3 and a layer of free Sb which is
responsible for the material’s high surface conductivity[69], [88]. It increases both
surface recombination velocity and surface leakage by creating additional conduction

paths parallel to the surface|89]. This reaction is given by:

2GaSh + 302 — G&QOg + Sb203 (31)
SbgOg + 2GaSbh — G&QOg + 4Sb (32)

Lin et al.[90] confirmed through XPS studies that applying a common etching
procedure to the GaSb surface increases oxidisation and generation of the thin
metallic layer of elemental Sb. Hence surface passivation is a crucial step in the

development of GaSb technology|20], [89], [91]. While numerous etching, passivation
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and capping techniques have been developed over the years to suppress surface
leakage in Sb-based photodetectors with various degrees of success|20], [89]-[96],
GaSb continues to under-perform compared to its much more developed counterpart

InGaAs with a similar bandgap of 0.75 eV when grown lattice-matched to InP.

3.2 InGaAsSb

3.2.1 Growth of In,Ga;_yAs,Sb;_, alloys

In,Ga;_xAsySb;_y alloy has been studied as a promising material system since the
second half of the 20" century for a range of IR applications, including optical
fibers[97], [98], light emitting diodes[25], [26], lasers|27], [28], thermophotovoltaic
cells|23], [24], and detectors[21], [22], [99]. What makes this material system so
attractive is its highly flexible bandgap which can be tuned for wavelengths between
1.7 pm and 4.9 pm whilst remaining lattice-matched to GaSb[18]. However, the
growth of In,GaAsSb alloys is limited by the existence of a large miscibility gap
- a region where the constituent binaries are not miscible, i.e. do not mix, which
restricts the usable bandgap range[1§], [33]. Within this miscibility gap, the alloy is
metastable and is subject to spinodal decomposition which refers to the spontaneous
separation of the alloy into individual phases, i.e. it decomposes into a mixture
of GaAs- and InSb-rich quaternary phases|36], |37], which in turn degrades its
structural, optical, and electrical properties[33]. It should be noted here, that the
In,Ga;_xAsySb;_, samples discussed in this and later sections are grown lattice-
matched to GaSb substrates, and as such the corresponding As (y) fractions can be
calculated according to (GaSb);_x(InAsg.91Sbg.a9)x [100].

The existence of the miscibility gap was first predicted by various thermodynamic
models, and later confirmed via experiment, however, the exact boundaries of this
region are not precisely known and are found to vary between different models and
experiments|18], [35]. When growing InGaAsSb layers at temperatures below the

critical temperature, T, and equilibrium conditions, the alloy decomposes into a
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mixture of individual phases due to a large positive enthalpy of mixing[36], [37].
This critical temperature was found to be 1461°C for InGaAsSb[101], which is
significantly higher than typical growth temperatures. The range of compositions
that can be grown before encountering phase separation are found to be dependant
on the specific growth technique and conditions employed. It is especially challenging
to grow InGaAsSb alloys via liquid phase epitaxy as it requires near-equilibrium
growth conditions[36]. Nakajima et al.[102] have experimentally determined the
phase diagram of the InGaAsSb quaternary system via LPE and have estimated
the location of the miscibility gap to be 0.3 < x < 0.6 for growth temperatures
between 600°C - 800°C, although the exact location could not be determined as the
layers were not grown under constant equilibrium conditions. In a later experiment,
DeWinter et al.[97] have demonstrated LPE-growth of In,GaAsSb layers at a lower
growth temperature of 530°C with In fractions up to 0.22 before encountering phase
separation, where the growth of alloys with x > 0.22 was shown impossible. While
the range of alloy compositions obtainable via LPE did expand over the years as a
result of fine-tuning of the growth parameters[29|, [30], [L03], it still remains severely
limited by the thermodynamically driven phase separation. Figure [3.1] shows an
example of the InGaAsSb phase diagram with the estimate of the miscibility gap
included, as inferred from LPE-growth of these alloys[104].

However, it is possible to grow metastable alloys via non-equilibrium growth
techniques such as OMVPE and MBE where one can exploit the kinetic limitations of
atomic rearrangement on the growth surface and suppress the phase separation[37].
C.A. Wang extensively studied the growth of InGaAsSb via OMVPE across a
wide composition range and has found that the phase separation, while it could
not be entirely eliminated, could be greatly reduced by manipulating the growth
kinetics[33]. In a variaty of different experiments, Wang et al. showed that growing
In,GaAsSb layers with increasing x fractions resulted in significant broadening
of photoluminescence (PL) emission peaks and their reduced intensity or even

disappearance due to an increased degree of phase separation present as one
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Figure 3.1: Phase diagram of In,Ga;_yAs;_,Sby, taken from reference [104]. The
solid lines correspond to compositions lattice matched to GaSb and InAs. The

immiscibility region predicted by the author’s calculations is indicated on the graph.

penetrates further into the miscibility gap and the alloys become increasingly
metastable[33], [34], [45], [105]-[109]. As expected, surface morphology deteriorates
and increased compositional variation with GaAs- and InSb-rich regions is present
in samples with higher In fractions|33|, [34]. However, it was found that reducing
the growth temperature from 575°C to 550°C and 525°C produced samples with
smoother surfaces and narrower PL emission peaks|34], [107]. Furthermore,
increasing the growth rate from 1.2 to 5 um/h, and even using intentionally miscut
substrates noticeably improved the material quality[105], [107]. Typically, growth
of InGaAsSb layers is performed on GaSb substrates with a (100) orientation which
was found to be most favourable for growth of these alloys. However, Wang et al.
performed growth on (100) GaSb substrates with miscut angles of 2° toward (101) or
6° toward (111)B. It was concluded that lowering the growth temperature, increasing

the growth rate, and using miscut substrates reduces the adatom diffusion length and
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limits the extent of phase separation which becomes too slow to occur on the growth
surface|36], [107]. In other words, surface kinetics limits the thermodynamically

driven phase separation|34], something that could not be achieved in LPE growth.

Similar observations were made in later MBE studies. Semenov et al.[35] grew
In,GaAsSb layers with 0.12 < x < 0.25 at 500°C via MBE and noted a clear
degradation of structural and optical properties in alloys with increasing In fractions.
Samples with x > 0.20 exhibited a significant drop in PL intensity and a much
broader FWHM. Growing thicker layers of such metastable alloys resulted in the
disapparance of the PL peaks as well as significant broadening of XRD peaks. SEM
images showed distinct regions rich with As and Sb, i.e. spinodal decomposition
occured. Similarly to OMVPE, it was shown that controlling the V/III flux ratio
and reducing the growth temperature improved the quality of metastable alloys and
allowed growth of samples with In fractions as high as 25% with improved structural
and optical properties. In a more recent study, Yildirim et al.|18] demonstrated it
is possible to suppress phase separation in MBE-grown In,GaAsSb layers across the
entire composition range with 0 < x < 1 by lowering the growth temperature even
further to 410 - 450°C, and in turn limiting the adatom diffusion length. In general,
lower growth temperatures are possible in MBE compared to OMVPE partly
because adatoms do not require the thermal energy to separate from a precursor[18].
Although there were still some noticeable changes in surface morphology and PL
spectra, these were correlated with increasing In fractions in the alloy rather than
phase separation. All samples were reported to be highly uniform and defect free
with no signs of phase separation across the entire compositional range as evidenced
by the XRD and transmission electron microscopy (TEM) measurements. However,
further optical and electrical properties were not investigated. It was concluded
that, while limiting the adatom diffusion length suppresses phase separation, it
can also lead to the formation of defects and loss of crystallinity if it becomes
too short, providing a lower limit for growth temperature[110]. Yildirim et al.

found in a similar experiment that phase separation could also be controlled by
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introducing strain during growth. Increasing strain was shown to decrease the
critical temperature below which spinodal decomposition occurs in metastable

alloys, therefore even for alloys grown at higher temperature phase separation could

be reduced|110].

3.2.2 Optical parameters

As the importance of the InGaAsSb alloy grew, so did the need for characterising
its optical properties to allow for accurate structure design and device modelling.
Experimental data available on the bandgap energy is largely contradictory, while
theoretical models rely on interpolation schemes and pre-existing data on III-V
binary and ternary compounds. Both refractive index and absorption coefficient
data are scarce, while most work focuses on theoretical models with limited success.
The following section will summarise previous research on optical characteristics of

InGaAsShb.

Bandgap energy

A considerable amount of effort has been put into calculating various III-V ternary
and quaternary alloy parameters over the years. Since no theory exists that
accurately describes these, one has to rely on interpolation schemes to derive such
parameters. In the simplest case, a given ternary or quaternary alloy parameter
can be described by Vegard’s law which assumes a linear interpolation between the
binary and/or ternary end points[111]. This is believed to hold true for lattice
parameters[112], however, Thompson and Woolley|113] showed that the bandgap
energies of common ternary III-V alloys exhibited a non-linear (in most cases
approximately quadratic) dependence on composition, also known as bowing. Hence
a bowing parameter, C, was introduced to account for this deviation from a simple
linear trend. This principle was later extended to quaternary III-V alloys which
showed a similar behaviour, leading to the development of many interpolation

schemes in the following years|100], [111], [114], [115].
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One of the earliest such interpolation methods developed by Moon et al.[114]
which assumed the quaternary bowing is the sum of the bowing of each sublattice,
provided a good fit to experimental data available at the time. A few years
later, Glisson et al.[111] developed a similar interpolation scheme, but with smaller
bowing of the quaternary bandgap. Many subsequent interpolation methods have
been developed over the years, but it was believed that the one proposed by
Glisson provided the closest fit to experimental data[100]. This lead to Vurgaftman
et al.[100] calculating the dependence of the bandgap energy of InGaAsSb on

composition on the basis of Glisson’s work, as illustrated in figure [3.2
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Figure 3.2: Bandgap energy variation with composition, x, for

(GaSb);_x(InAsg.91Sbg.a9)x according to Vurgaftman[100]. Dashed line indicates
the location of the miscibility gap.

They suggested a bandgap bowing parameter of 0.75 eV, which was the average
value of all bowing parameters available in literature at the time. The authors

provide the following relationship:
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E, = [0.727(1 — z) + 0.283z — 0.75z(1 — x)]eV/ (3.3)

for (GaSbh);_x(InAsg.915bg.09)x (lattice-matched to GaSb) at 300 K.

In addition to theoretical calculations, the bandgap of InGaAsSb has also been
investigated experimentally. DeWinter et al.[97] measured bandgap energies of
LPE-grown In,Ga;_As,Sbi_, alloys with 0 > x < 0.22 before encountering the
miscibility gap. They found through both photoluminescence and transmission
measurements a decrease in the bandgap energy from 0.73 eV measured in GaSb
to 0.53 eV measured in Ing9,GaAsSb. Their data was in good agreement with
the calculation given by Moon et al. for compositions with x < 0.15, however,
for higher alloy fractions they measure a higher bandgap energy than predicted by
Moon. That same year, Astles et al.[104] measured bandgap energies of LPE-grown
In,Gay_xAsySb;_y layers with 0.07 < x < 0.15. The bandgap energy was found
to reduce from 0.65 eV in Ing g7 GaAsSb, to 0.56 eV in Ing150GaAsSh, as inferred
through absorption measurements. Cherng et al.[116], [117] grew In,Ga;_xAs,Sb;_y
alloys via OMVPE on various substrates to achieve a wider range of compositions
with 0.29 < x < 0.83. The bandgap energy of Ing3,GaAsSb grown on GaSb was
estimated from PL measurements to be 0.442 eV. A few years later, Wen’gang and
Aizhen [41] grew In,Ga;_xAs,Sb;_, samples with 0.047 < x < 0.395 via MBE on
GaAs substrates. The bandgap energies calculated from transmission measurements
were found to vary between 0.68 eV in Ing g47GaAsSb to 0.419 eV in Ing 395GaAsSh.
Their results were in decent agreement with the calculation given by Moon, however,
similarly to DeWinter, they found that the measured values were higher than the
calculated ones, which was believed to be a result of residual strain in the system
since the samples are grown on GaAs substrates. A similar conclusion was reached
by Li et al.[44] who grew In,Ga;_,As,Sby_, samples with 0.18 < x < 0.26 via
MBE on both GaSh and GaAs substrates. The bandgap energies, estimated from
transmission data, varied between 0.540 eV measured in Ing 175GaAsSb and 0.544 eV

measured in Ing95GaAsSh, and were slightly higher than Moon’s calculation. Wang
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et al.[106] estimated the bandgap energies of OMVPE-grown In,Ga;_AsySb;_,
samples with 0.11 < x < 0.20 from PL measurements, and have found that the
bandgap reduced from 0.593 eV to 0.499 eV. More recently, Rakovics et al.[118] grew
InGaAsSb samples via LPE on GaSb substrates over a wider range of compositions
with 0 < x < 0.20. The bandgap energy, determined via transmission measurements,
reduced from 0.667 eV in Ing gs3GaAsSb to 0.550 eV in Ing99sGaAsSb. The authors
proposed a bowing parameter of 0.71 eV, lower than the value recommended by
Vurgaftman. The above data is summarised in figure |3.3] Please note that this
figure does not include the most recent studies on single alloy detector structures,
but rather focuses on any studies that investigate the variation of the bandgap

energy with alloy composition.

T T T T T T T T T
In,Ga,As,Sb,

0.7 | L Moon et al., 1974 1
Vurgaftman et al., 2001

— DeWinter et al., 1985 (PL)

% 4+ M. Astles et al., 1985 (T)

~ X Wen'gang et al., 1991 (T)

a * AZ Lietal., 1995 (T)

’6 0.6 v C.A.Wangetal., 1999 (PL)

ac) A\ - A V. Rakovics et al., 2002 (T)

o

©

()]

©

c

o 05} b

m

04 | -

1
0

Figure 3.3: Bandgap energy variation with alloy composition for In,Ga;_AsySb;_.
Solid lines represent interpolation schemes proposed by Moon (black) and

Vurgaftman (red). Symbols show experimental data available in literature.
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Absorption coefficient

Several models have been developed for calculating the absorption coefficient of
InGaAsSb[23], [119]-[122], however these are generally in poor agreement with one
another and lack detail and accuracy around the band edge. Moreover, experimental
data for the absorption coefficient of InGaAsSb remains scarce, and is focused mainly
on alloys with higher In fractions.

Wengang et al.[123] were one of the first authors to measure the absorption
coefficient of MBE-grown In,GaAsSb with x = 0.266 via IR spectroscopy. They
found, in agreement with theory, that for energies below the band edge, the
absorption coefficient increases exponentially with hy, whereas for energies above
the band edge the absorption coefficient increases according to equation with
n ~ 1/2, thus confirming that InGaAsSb is a direct gap material. However, their
data does not extend much beyond the band edge. Munoz et al.[42] have measured
the absorption coefficient of OMVPE-grown In,GaAsSb with x = 0.15 and 0.16 via
spectral ellipsometry for a much wider range of energies, up to 5.3 eV. A few years
later, Rakovics et al.[118] have calculated the absorption coefficient of LPE-grown
In,GaAsSb with x = 0.168 from transmission measurements. Similarly to Wengang,
they found that the absorption coefficient varies exponentially with energy below
the absorption edge, i.e. an Urbach tail is present. Likewise, the above bandgap
absorption fits well to the expression with n ~ 1/2. Anikeev et al[124] and Li et
al.[99] have measured the absorption coefficient in OMVPE-grown Ing ;5GaAsSb and

MBE-grown Ing2,GaAsSb respectively, however, no further analysis is presented.

The above theoretical and experimental data is shown in figures [3.4b| and [3.4al

respectively.

3.3 InGaAsSb detectors

The InGaAsSb material system has been investigated for various device applications

over the years, with a focus on near- and mid-infrared photodetectors as well as
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Figure 3.4: (a) Various theoretical models for the absorption coefficient of
Ing16GaAsSb. (b) Measured absorption coefficient of In,Gay_yAs,Sby_, with 0.15 <

x < 0.266 grown by various techniques.

TPVs[23], [24], [45), [106], [108], [125]-[127]. The most commonly investigated
detector structure that employs this material system is a homojunction p—n, ,
[128]-[131] or p-i-n[44], [99], [132]-[135] diode, although heterojunction photodiodes
have also been researched, , , , , . In more recent years, there

has been an increased interest in barriode detectors as a low-leakage alternative to

traditional junction diode detectors[2], [22], [26], [138]-[142]. However, despite the

increased interest in InGaAsSb, the focus remains on high In fraction alloys with

no study to date that investigates the detector performance across the full alloy
range. The following section summarises InGaAsSb photodetector performance with
a focus on leakage currents, quantum efficiency, and specific detectivity. Note that
the following studies were performed at room temperature, if the temperature is not

otherwise stated.

Heterojunction photodetectors

The first InGaAsSb-based photodetector was reported by Srivastava et al.[137]
in 1986. The back-illuminated mesa-type p-n InGaAsSb/GaSb photodiodes were
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grown via LPE on n-type GaSb. The InGaAsSb layer was grown with an In
fraction of 18%. The devices exhibited a soft breakdown under reverse bias, with
dark currents between 50 and 100 pA. The room temperature voltage dependent
quantum efficiency increased from 44% at zero bias to 67% at -0.1 V and 2.2
pm. The specific detectivity of 7 x 10° Jones at 2.2um was measured at zero bias
and room temperature. Several other heterojunction p-n InGaAsSb photodiodes
have been reported over the years, often with the addition of a passivating
AlGaAsSb window layer which reduces the loss of photo-generated carriers via
surface recombination[60], [61]. The dominant dark current mechanism in these
heterostructures was reported to be bulk generation-recombination[43], [60], [61],

[136].

Homojunction photodiodes

Several homojunction p-n and p-i-n InGaAsSb photodiodes have been reported
over the years, with In fractions between 13 and 30%. Although these structures are
most commonly grown on GaSbh substrates, growth on mismatched GaAs substrates
was also shown possible[135]. A wide bandgap passivating AlGaAsSb top window
layer was often employed to reduce unwanted leakage. Furthermore, both front
and back illuminated photodiodes were realized, with similar optical and electrical
properties|134].

Li et al.[44] reported the first growth of InGaAsSb p-i-n homojunction photodi-
odes via MBE with In fractions between 15 and 26%. The front-illuminated devices
with a 2.6 pm cut-off were encapsulated in a polyimide, and measured a specific
detectivity of 3 x 10 Jones and a maximum EQE of 65% at 2.5 ym and room

temperature. No further analysis of dark current mechanisms were carried out.

A few years later, Shellenbarger et al.[143] have grown InGaAsSb p-n photodi-
odes via LPE with an In fraction of 15%. The devices were encapsulated with a
photosensitive polyimide layer in order to insulate the junction and passivate the

mesa edges. The authors noted a significant improvement in dark current profiles of
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photodiodes with the addition of a wide bandgap AlGa(As)Sb window layer which
reduced surface recombination. While the peak responsivity reduced slightly from
0.70 A/W to 0.62 A/W with the addition of an AlGaAsSb window layer, both the
saturation current and the zero-bias dynamic resistance-area product improved from
2.1 to 1.0 pA and from 44 to 108 Qcm?, respectively. This resulted in an increase
in specific detectivity from 3.6 to 5.0 x10'° Jones.

A similar observation was made by Lin et al.[133] a few years later in MBE-
grown InGaAsSb p-i-n photodiodes with an In fraction of 17%. Although the
dark current reduced significantly due to the suppression of surface recombination
with the addition of the AlGaAsSb window layer, the specific detectivity remained
unchanged at ~ 5 x 10® Jones. Likewise, due to the suppression of surface currents,
the zero-bias resistance-area product increased from 56.3 to 76.4 Qcm? with the

addition of the window layer.

Reddy et al.|134] reported on MBE-growth and fabrication of the first back-
illuminated InGaAsSb p-i-n photodiodes with In fractions between 15 and 23%.
The RoA product decreased from 2.2 to 1 Qcm? in the B-T (back-illuminated) diodes
with an In fraction of 21%, compared to the F-I (front-illuminated) ones. It was also
shown from the RgA dependence on mesa dimensions that the devices are limited
by side wall leakage. A larger maximum responsivity of 1.19 A/W was seen in
the B-I devices, compared to 1 A/W measured in the F-I diodes at 2.2-2.35 um.
This corresponds to a maximum EQE of 65 and 62%, respectively. This increase in
responsivity in the B-I case was attributed to photon recycling due to the reflection
at the back metal of photons that were not initially absorbed in the active layer, as
well as absorption of photons near the active layer /substrate interface which leads to
a reduced surface recombination. Furthermore, the incoming light is not obstructed
by contact layers, as is the case in the F-I devices. In conclusion, the authors
successfully realized the first B-I InGaAsSb photodiodes with electrical properties

comparable to their F-I counterparts.

Bhagwat et al.[31] were the first to investigate the contribution of bulk and
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surface leakage currents in InGaAsSbh photodiodes by adapting a model originally
developed by Gopal et al.[67], [68] for mercury cadmium telluride (MCT)- based
detectors. The model separates bulk diffusion, bulk g-r, and surface g-r which were
found to be the leading dark current contributions to overall leakage. Bhagwat
adapted the model by accounting for the fact that diffusion length of minority
carriers is much greater than the thickness of the p and n regions. It was
shown that, in a surface leakage dominated device, both the saturation current
density, as well as 1/RgA increase with decreasing device dimensions (increasing
P/A ratio), where the latter exhibits a quadratic dependence. On the other hand,
in devices dominated by bulk leakage, 1/RoA is independent of the P/A ratio.
The subsequent characterisation of MOCVD-grown Ing13GaAsSb p-n photodiodes
unveiled a increase in both the saturation current density and 1/RoA with increasing
P/A ratio, confirming that InGaAsSb photodiodes are indeed limited by surface
leakage. The surface recombination velocity was shown to be relatively high

indicating a high density of surface states at the exposed mesa edges.

A similar observation was made by Prineas et al.[69] in MBE-grown Ing 50GaAsSb
back-illuminated p-n photodiodes. The largest RoA and responsivity were measured
to be 25 Qcm? and 0.8 A/W, respectively, which gives a peak specific detectivity of
6 x 101° Jones. The devices exhibited a strong dependence of RyA on P/A indicating
that sidewall leakage is the dominant dark current mechanism. Prineas adapted
the pre-existing models from Gupal and Bhagwat for undercut mesas with angled
sidewalls which is often the case in wet-etched devices. It was shown that, even in
mesas with angled sidewalls, 1/RoA also has a quadratic dependence on P/A ratio.
Furthermore, the authors applied a leakage model to their measured J-V data which
separates bulk diffusion, bulk g-r, and surface g-r currents. The subsequent analysis
of voltage dependence of current density confirmed that the main surface leakage
mechanism is generation-recombination at mesa sidewalls. Once again, the sidewall
surface recombination velocity obtained from the fit was found to be relatively high.

The diffusion current dominates only at large enough forward biases. Furthermore,
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a degradation of the J-V characteristics was noted in 6 month aged devices, where
Ohmic leakage due to shunt resistance was found to play an important role, and in
fact become the dominant leakage mechanism in these devices. This is believed to
be due to the build-up of oxides at the mesa sidewalls. The results of their work
once again highlight the need for adequate passivation and encapsulation of mesas

to limit surface g-r and ohmic leakage.

One of the best-performing InGaAsSb p-i-n photodiodes was reported by Nunna
et al.[135]. The photodiodes with an In fraction of 18% were successfully (MBE)
grown on mismatched GaAs substrates for the first time via the interfacial misfit
(IMF) dislocation array technique. The authors report a significant reduction of
surface leakage currents in freshly wet-etched mesas that were treated with an HCI-
based etchant to reduce the oxide layer and encapsulated in SU-8 photoresist. An
improvement was also noted in dry-etched photodiodes, though to a lesser degree,
after the treatment with HCI and SU-8. The best dark current density of 34 uA /cm?
at -10 mV was achieved in a dry-etched passivated device. Both the dry- and wet-
etched devices measure the highest RoA products of 260 and 220 Qcm?, respectively.
Interestingly, while the passivated wet-etched devices still appear to be limited by
surface currents due to a noted dependence of 1/RgA on P/A ratio, the 1/RoA of
dry-etched devices is almost independent of P/A, indicating that the main source
of leakage are bulk currents. The peak responsivity of 0.8 A/W, corresponding to
an internal quantum efficiency of 74%, was reached at 2 pm. The peak specific

detectivity of 4.5 x 10! Jones was achieved at zero bias.

Hurtado-Castaneda et al.[130] reported on LPE-growth of back-illuminated
Ing14GaAsSb p-n photodiodes. The devices were passivated with an aqueous
solution of sodium sulfide to reduce the impact of surface oxidisation. The devices
measured a relatively low RgA product of 2.49 Qcm? at room temperature. The
authors investigated the dominant leakage mechanisms in InGaAsSb photodiodes
at different temperatures through the analysis of the temperature variation of

RoA. While the dominant processes in the passivated devices at medium and high
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temperatures were found to be diffusion and g-r currents, at very low temperatures

(< 60 K) the device performance was limited by trap-assisted tunneling.

More recently, Shafir et al.[131] grew InGaAsSb p-n photodiodes via MBE with
an In fraction of 23%. The front-illuminated devices were encapsulated with SU-8
photoresist. The dark current density at -0.1 V and room temperature was measured
to be 4.6 mA /cm? and was found to be dominated by diffusion currents. The devices
with no anti reflection coating measured an external quantum efficiency of 73% at
300 K and 2.2 ym. The EQE was also found to be independent of reverse bias
indicating that the carrier diffusion length is much greater than the active layer
thickness. The specific detectivity of 2.2 x 10'° Jones was measured at -0.1 V and

room temperature.

Li et al.[99] investigated quantum efficiency loss and trap-assisted tunneling
(TAT) current in MBE-grown Ing2,GaAsSb p-i-n photodiodes. Mesa sidewalls
were passivated with a sodium sulfide solution and encapsulated with SiO,. The
photodiodes measured typical current densities between 3 and 4 mA /em? at -0.05 V,
and RoA products between 4 and 13 Qcm?. Li noted an increase in dark current with
the introduction of a p-type dopant in the active region, indicating that the dominant
leakage mechanism is no longer generation-recombination. The leakage current was
found to have an exponential dependence on voltage, which was believed to be caused
by tunneling mechanisms, whereas in devices dominated by g-r currents one can
expect a square root dependence on voltage. The authors applied a current model
that separates diffusion, g-r, TAT, band-to band tunneling, and ohmic leakage to fit
their measured data. The analysis showed that higher leakage currents in samples
with higher donor concentrations in the active region were indeed caused by trap-
assisted tunneling. Furthermore, electron and hole diffusion lengths of 4 and 0.2
pm were extracted from QE modelling. However, these values are much lower than
previous reports on electron and hole diffusion lengths in InGaAsSb photodiodes
with similar In fractions, which are typically between 15-26 pum and 10-12 pm at
room temperature, respectively|22], [69], [125], [131].
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Barriode photodetectors

The barriode architecture employing InGaAsSb absorbers has become the most
prominent photodetector type for this material system over the last decade. These
detectors contain a layer of a wider bandgap material which serves as a potential
barrier to majority carriers in the conduction band. The flow of minority carriers
remains un-obstructed through a careful selection of a barrier material such that
it does not create a valence band offset. In other words, the valence bands of the
absorber and barrier layers are aligned, while the conduction band of the barrier
prevents majority carrier flow. A typical band diagram of this structure taken from

reference [22] is shown in figure [3.5]
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Figure 3.5: Band diagram of a barriode photodetector employing an InGaAsSb

absorber taken from reference [22].

Craig et al.[22] were one of the first to report such a structure. The MBE-
grown unpassivated IngssGaAsSb photodetectors employ an AlGaSb barrier which
suppressed the dark current by preventing majority carrier flow in the conduction
band, while maintaining a flow of photogenerated holes which remained un-
obstructed by the very small 0.025 eV valence band offset. The photodetector
leakage was found to be dominated by diffusion currents, which confirms that
the SRH g-r and surface currents were successfully suppressed by the barrier
design. Furthermore, the specific detectivity was found to be largely independent

of reverse bias due to dark currents which were also found to be approximately
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bias independent. Specific detectivity and EQE of ~ 1 x 10*° Jones and 30% were

measured at 1.55 pm, respectively.

A few years later, Li et al.[139] carried out a comparison between an MBE-grown
nBn barriode photodetector and a p-i-n homojunction photodiode employing the
same InGaAsSb material system with an In fraction of 28%. The dark current was
successfully suppressed in the nBn device due to the employment of an AlGaSb
barrier, leading to an increase in the RgA product. The room temperature dark
current density and RgA product improved from 37 mA /cm? at -50 mV and 0.8 Qcm?
measured in the p-i-n device, to 13 mA/cm? at -200 mV and 3.6 Qcm? measured
in the nBn device. Once again it was shown that the nBn architecture successfully
suppresses generation-recombination currents. The trade-off is a lower quantum
efficiency of 32.3% in the nBn device, compared to the 57.7% in the p-i-n device
at zero bias. Furthermore, similarly to what Craig[22] found, the small valence
band offset between the absorber and barrier regions leads to a bias dependence of
quantum efficiency, as some small applied voltage is needed for the holes to overcome
the small residual potential barrier. Although the specific detectivities of both the
p-i-n and nBn devices are largely the same at zero bias (~ 1.2 — 1.3 x 10'° Jones),
the nBn device measures a higher peak specific detectivity of 4.8 x 10'° Jones at -200
mV, compared to 3.0 x 10'° Jones measured in the p-i-n device, due to an increase

in QE with applied bias.

Shortly after their original work was published, Li et al.[141] have successfully
eliminated the bias dependency of quantum efficiency in Ing.5GaAsSb barriode
photodetectors by employing a novel pBn design which consisted of a highly p-doped
top InGaAsSb contact. This structure can be seen as a p-n junction with a wide gap
AlGaSb barrier placed between the two regions. Similarly to the nBn architecture,
the large conduction band offset limits the flow of electrons from p to n side, while
the depletion region is mostly shifted into the wide bandgap AlGaSb barrier which
suppresses unwanted g-r, TAT, and band-to-band tunneling currents. The mesa

sidewalls were further passivated with a sulphur treatment and encapsulated in a
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thick SiOs film. The pBn device measured a room temperature dark current density
at -50 mV and RgA product of 1.2 mA/cm? and 22 Qcm?, respectively. The pBn
devices measure a slightly improved peak specific detectivity of 2.0 x 10'° Jones at
zero bias and room temperature.

Hanks et al.[140] reported on a similar InGaAsSb pBn photodetector design, but
with a lower In fraction of 14%. The built-in field of the p-n junction enables zero-
bias operation of these photodiodes at room temperature, with reduced leakage due
to the AlGaSbh barrier. What differentiates this design from the one reported by Li,
is a top p-type GaSb contact layer in place of the p-InGaAsSb layer, which improves
the ohmic contact. The photodiodes measured a room temperature RgA product of
150 Qcm?, corresponding to a saturation current density of 0.175 mA /cm?. With
this detector design, a record-high value for specific detectivity of 9.7 x 10'° Jones
was achieved at room temperature and zero bias (Rpeax = 1.05 A/W).

The above values of specific detectivity and external quantum efficiency found
in literature for InGaAsSb-based photodetectors are compiled in the graph in figure
3.6l Amongst the detectors with longer wavelength cut-offs (A > 2.4um; x > 0.2),
the highest D* and EQE values of 2.2 x 10'° Jones and 73%, respectively, were
measured in an Ing93GaAsSh front-illuminated p-n photodiode with a 2.6 pum cut-

off encapsulated with SU-8 photoresist[131].

3.4 Summary

Both GaSb and InGaAsSb are associated with certain growth and fabrication
challenges. The high p-type background in GaSb, originating from Gag, antisite
defects, was found to be influenced by the V/III growth rate ratio and growth
temperature. Despite some contradicting results, lower V/III growth rate ratios and
temperatures generally lead to a reduced defect density and a lower unintentional
doping concentration regardless of the growth technique employed, where doping

concentrations in the low 10'® em™ region were achieved. GaSh-based devices also
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Figure 3.6: Summary of the specific detectivity and EQE values found in literature
for InGaAsSb-based photodetectors. Red squares and blue triangles correspond
to D* and EQE values of homojunction p-(i)-n photodiodes, respectively. Red
circles and blue diamonds correspond to D* and EQE values of barriode nBn/pBn

photodiodes, respectively.

suffer from surface leakage believed to be caused by surface oxidisation, leading
to the creation of elemental Sb which creates additional conduction paths on the
surface. Despite the employment of various passivation techniques, GaSb-based

devices continue to exhibit undesirable performance.

Growth of InyGa;_xAs,Sb;_, alloys on the other hand is mostly hindered by the
existence of a large miscibility gap which is of thermodynamical origin and restricts
the usable bandgap range. Within this region, the InGaAsSb alloy has a tendency
to decompose into a mixture of GaAs- and InSb-rich quaternary phases due to their

large positive enthalpy of mixing. The exact boundaries of the miscibility region
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are dependant on the specific growth technique and conditions employed. The
best results are achieved with molecular beam epitaxy due to the lower growth
temperatures attainable in this technique, which allows one to exploit surface
kinetics and suppress the phase separation. Namely it was found that reducing
the growth temperature below 500°C and controlling the V/III flux ratio reduces
the adatom diffusion length and limits the extent of phase separation which becomes

too slow to occur on the growth surface.

InGaAsSh-based photodetectors employing various structures have been investi-
gated over the years. The most common photodetector structure that employs this
material system is a homojunction p-n or p-i-n diode with In fractions between
13 and 30%. Current densities as low as ~ 2 mA/cm? at -100 mV and ReA
products as high as ~ 60 Qcm? have been achieved in unpassivated devices. The
performance of these photodiodes was limited by surface leakage, which was in
many cases successfully reduced with the employment of a passivating window layer
or other types of chemical passivation. The passivated photodiodes achieved dark
current densities as low as ~ 30 pA/cm? at -10 mV and RoA products as high as
260 Qcm?. Both unpassivated and passivated photodiodes with no anti-reflection
coating measure high external quantum efficiencies of up to an impressive 74%.
Typical specific detectivity values are in the range between 3 x 10 and 5 x 10!
Jones, with one of the highest values of 6 x 10! Jones measured in an unpassivated

back-illuminated InGaAsSb p-n photodiode with 20% In.

The best photodiode performance was achieved with a barriode structure which
successfully suppresses the dark current, and has become the most prominent
photodetector type for this material system. Such structures were found to
be diffusion limited which suggests that both bulk generation-recombination and
surface currents were successfully minimised. The highest specific detectivity of
9.7 x 10'° Jones was achieved in an Ing14GaAsSb pBn photodiode at zero bias and
room temperature. This novel structure exploits both the barriode design as well

as the built-in electric field to reduce unwanted leakage while enabling zero-bias
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operation.

Despite the many improvements achieved over the years with InGaAsSb-based
photodetectors, surface leakage remains an issue in many structures, and the need
for the development of appropriate passivation techniques is highlighted. Moreover,
very little attention has been given to dilute alloys whose full potential is yet
to be explored. Additionally, no existing study to date investigates the detector

performance across the full alloy range.
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Experimental Methods

In order to preform a comprehensive study of the InGaAsSb alloy, a wide
range of samples had to first be prepared. The following chapter outlines
epitaxial growth procedures performed with molecular beam epitaxy presented in
section [4.1] as well as device fabrication techniques including photolithography,
contact deposition, wet chemical etching, and passivation, presented in section 4.3
Finally, various characterisation methods are summarised in section including
FTIR spectroscopy, current-voltage, capacitance-voltage, and spectral responsivity

measurements.

4.1 Sample growth

All of the samples discussed in this work have been grown via solid source molecular
beam epitaxy (MBE). Two main types of structures illustrated in figures and
have been grown; In,GaAsSb p-i-n photodiodes on n-GaSb substrates and
In,GaAsSb single layers on undoped GaAs substrates, respectively. These structures
will be discussed in more detail in chapter [5

This epitaxy technique relies on the evaporation of constituent elements from
their solid state onto a substrate in a vacuum system. MBE is advantageous to other

growth techniques such as LPE, OMVPE, and CVD (chemical vapour deposition)
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Figure 4.1: (a) Iny,GaAsSb p-i-n photodiode structure grown on n-type GaSb
substrates with various In fractions to enable the comparison of InGaAsSb detector
properties with varying alloy composition. (b) InGaAsSb transmission sample
structure grown on semi-insulating GaAs substrates with the aim of obtaining
extended absorption coefficient data. *This layer thickness is 4500 nm for the GaSh

transmission sample.

due to its ability to reproducibly grow structures with dimensions on the atomic
monolayer scale with fewer thermodynamical defects due to the relatively low growth
temperatures, as well as the ability to monitor the growth process in situ and in real
time[144], [145]. MBE is a versatile technique that can be used to grow a range of
diverse materials and structures with precise compositions and doping profiles.
The samples were grown with a Veeco GenXplor reactor equipped with arsenic
and antimony cracker cells. A simplified schematic of the reactor is illustrated
in figure .2l The reactor consist of: (i) a growth chamber that is held under
ultra high vacuum (UHV, 107 - 107! Torr) to avoid unintentional contamination
of the epitaxial layer with impurities during growth, (ii) temperature controlled
cylindrical cells that contain ultra-pure crucibles with high purity source elements
(6-7 N) that evaporate onto the substrate, (iii) mechanical cell shutters that switch
the evaporated molecular beams on/off (iv), a substrate holder and heater system

that rotates around the axis perpendicular to the cell flange, and (v) a load lock
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system which allows the wafers to be loaded and unloaded into the growth chamber

without disrupting the UHV environment.
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Figure 4.2: Schematic of an MBE growth chamber showing thermal effusion cells
with cell shutters, substrate holder/heater assembly, RHEED system, cryopanels,

and pumps.

The load lock system consists of two additional chambers - the load lock chamber,
and the buffer (prep) chamber. All of the chambers are separated from one another
by mechanically operated air-tight gate valves. Prior to growth the substrate
undergoes three thermal cleaning stages. The substrate wafer is first loaded into
the load lock chamber. A two pump system consisting of a scroll pump and a
turbo pump is used to bring the base pressure down to ~ 107% before the first
bake-out cycle is initiated. At this stage, the wafer (including the wafer holder and

the cassette) is outgassed at 200°C to ensure the removal of the absorbed gases
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introduced from the environment. Once the pressure in the load lock chamber has
become sufficiently low (~ 1077), the wafer is transferred into the buffer chamber
which is kept at a base pressure of 1077 — 10~8 by an ion pump. A second bake-out
ensues as the wafer is heated up to the appropriate outgas temperature (for a GaSb
substrate this is typically 350 — 400°C). Finally, once the pressure in the buffer
chamber has become sufficiently low (~ 107®) and the sample has been outgassed,
the wafer is moved to the growth chamber by a mechanically operated transfer arm.
The final stage in substrate preparation prior to growth is the substrate deox which
takes place in the growth chamber. Here, the substrate is heated until the layer of

oxides formed on the surface is desorbed and a clean surface is revealed.

During epitaxial growth the substrate is held at the appropriate growth
temperature by the substrate heater, and is continuously rotated to enable even
distribution of the constituent elements that impinge upon its surface from the
source cells. The substrate is not in contact with the heater, but is rather radiatively
heated by it, thus a calibration of the actual substrate temperature compared to the
one measured by a thermocouple placed on a pseudosubstrate on the opposite side of
a heater is required. This is achieved by observing the onset of oxide desorption and
the transition of the GaSb surface reconstruction pattern from 2 x 5 to 1 x 3 under
constant Shy flux via RHEED. Both of these occur at a known temperature, hence
a calibration plot that relates the measured and real temperatures can be created.
The RHEED monitoring technique as well as the reconstruction patterns will be
discussed in more detail later in this section. The growth rate, which is precisely
controlled by the cell temperatures and valve positions, can be kept sufficiently low
to allow for compositional changes on the scale of the lattice constant[62]. The
UHV conditions and low growth rates enable the use of mechanical shutters placed
in front of the source cells to switch the molecular beams on/off. This makes MBE
the best technique for growing complex heterostructures with layers as thin as a
few nanometers with abrupt interfaces and precise doping profiles which can be

either abrupt or graded continuously[56]. The UHV environment is maintained by
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an ion pump and a helium cooled cryogenic pump which enables condensation and
subsequent removal of gasses from the growth chamber. The background pressure in
the chamber is monitored with an ion gauge. Additionally, several cryopanels cooled
with liquid nitrogen are placed around the substrate holder and the cells in order
to remove condensable contaminants from the growth environment and thermally

insulate the cells from one another[144].

Group III elements, such as gallium (Ga) and indium (In), are contained
within thermal effusion (evaporation) cells inside high-purity crucibles and their
evaporation rate (and by extension, growth rate) is controlled by the temperature of
the cells. The crucibles are radiatively heated by Ta wires to a desired temperature,
and are surrounded by radiation shields which provide thermal insulation from
the environment and adjacent cells. The dopants are similarly contained within
effusion cells and the concentration of each dopant that is incorporated into the
lattice is controlled by the cell temperature which is pre-calibrated through Hall
measurements. Group V elements such as arsenic (As,) and antimony (Sby), are
contained within valved cracker cells. In this case, the source material is contained
within a heated crucible which is separated from an additional cracking region by
a valve that controls the flux. In the cracking region, tetramers of arsenic and
antimony are partially converted into dimers and monomers by interactions with
surfaces heated up to close to 1000 degrees Celsius. This is because, unlike group
IIT elements which are atomic sources, group V elements are molecular sources,
i.e tetramers. It was found that cracking As, and Sby increases their surface
incorporation rates and reduces the number of defects in MBE-grown GaAs and
GasSb layers|146], |[147]. Unlike with the the effusion cells, the beam flux is controlled
primarily by the valve position. The layer thickness is controlled by the rapid
mechanical shutters located in front of each cell. Closing the shutters blocks the

molecular beams and immediately stops the growth.

A beam flux monitor consisting of an ion gauge attached to a retractable arm is

used to measure the beam equivalent pressure (BEP) of individual molecular beams.
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However, to get an accurate measure of the incorporation of individual elements
into the crystal lattice, i.e. to obtain growth rates, it is necessary to use RHEED
(Reflection High Energy Electron Diffraction). The RHEED system consists of an
electron gun which emits a collimated beam of electrons at a very shallow angle with
respect to the growing surface, and a fluorescent screen on the opposite side of the
chamber that reacts with the diffracted electrons. RHEED enables in situ monitoring
of the surface reconstruction, which in turn enables: (i) the measurement of growth
rates by studying the RHEED intensity oscillations, (ii) monitoring of the substrate
deox prior to growth, and (iii) the study of growing layer quality in real time.
RHEED oscillations occur as a result of the periodic change of surface morphology
during the deposition of a monolayer. Hence one period of intensity oscillation is
equal to the time it takes for a single monolayer to form[144]. The growth rate
of each constituent element for a particular cell temperature and/or valve opening
has been calibrated prior to growth using RHEED. This approach also takes into
account the sticking coefficient of different elements, which plays an important role
in the growth of III-V compound semiconductors. For group III elements such as
indium and gallium, almost every atom that hits the surface of the substrate is
incorporated into the crystal lattice, hence they have a sticking coefficient of close
to unity. However, group V elements such as arsenic and antimony have a sticking
coefficient of less than unity, implying that only a fraction of incident atoms will be
incorporated into the lattice. Therefore, it is not sufficient to look at the BEP ratio
of incident beams alone to establish a particular compositional relationship between

constituent elements.

Another usefulness of RHEED is in the real time in situ study of the surface
reconstruction pattern. Surface reconstruction refers to the re-ordering of the
outermost atomic layer(s) of a crystal to reduce the energy of the free surface[145].
This is the principle under which epitaxial growth takes place in MBE. Because the
angle of incidence of the electron beam is extremely shallow, the electrons penetrate

only the first few monolayers of the surface.
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If the atomic surface is smooth, the electrons will ”see” a 2D surface where only
the topmost layer of adatoms forms a 3D structure leading to a coherent diffraction
pattern that forms streaks. However, if the surface is rough, the electrons will ”see”
a 3D surface bigger than just the outer monolayer which leads to a less coherent
diffraction pattern that forms spots rather than streaks. If the surface is completely
rough and disordered as is the case with surfaces covered in oxides, the diffraction
is incoherent and no pattern is visible. In the case of the atomically smooth,
two-dimensional surface, the reconstruction pattern stems from the re-ordering
and incorporation of the topmost layer of adatoms into the crystal. The exact
reconstruction pattern can vary depending on growth conditions and is associated
with different surface stoichiometries. For example, when growing GaAs under
As rich conditions, a 2 x 4 reconstruction occurs, whereas in Ga rich conditions,
a 4 x 2 reconstruction occurs. This means that, depending on the crystal
orientation, either a 2x ("two by”) or 4x ("four by”) will be visible on RHEED. A
2x is characterised by one dimmer secondary streak between two brighter primary
streaks, and a 4x is characterised by 3 dimmer secondary streaks between two
brighter primary streaks. GaSb is characterised by a 1 x 3 reconstruction pattern.
An example of the surface reconstruction pattern as seen via RHEED is shown in
figure Hence surface reconstruction can be used as an extremely useful system-

independent monitor of the growth conditions|145|.

Figure 4.3: Image of the RHEED screen showing a 3 x surface reconstruction during

GaSb buffer growth, taken from reference .
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4.2. X-ray diffraction

4.2 X-ray diffraction

X-ray diffraction is a crucial step in sample growth and analysis. In complex,
multilayer structures, each layer has to be lattice matched to the previous one,
which usually implies all layers are grown lattice-matched to the substrate. An
epilayer is considered to be lattice-matched when its lattice constant is equal to the

lattice constant of the preceding layer, as illustrated in figure 4.4h.
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Figure 4.4: Simplified representation of lattice-matched and strained epitaxial layers.

For a small difference in lattice constants, the mismatched layer can grow strained
up to a certain thickness known as the critical thickness, i.e. it conforms to the lattice
constant of the preceding layer. This critical thickness depends on the material
in question and the degree of mismatch/strain present, and can be calculated

according to a model given by Matthews and Blakeslee[148]. However, it was found
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experimentally that this model often underestimates the critical thickness, hence
it is only useful in providing a rough indication of where this limit may be for a
given composition. For example, a layer of Ingo5GaAsgoeSb with a 270 arcsecond
mismatch can only be grown 660 nm thick before the onset of relaxation according
to Matthews and Blakeslee. If the critical thickness is exceeded, the layer will
relax either fully or partially into its native lattice constant to relieve the built-
up strain. This relaxation is accompanied by defect formation at the interface,
which can often propagate into the electrically active layers (such as threading
dislocations), thus compromising material quality and device performance. If the
lattice constant of the epilayer is greater than that of the substrate, the epilayer
will grow compressively strained. Similarly, growing epilayers with a smaller lattice
constant than the substrate, results in tensile strain. Different types of strain are
illustrated in figure [.4b-d. To ensure well lattice-matched epitaxial layers, XRD
measurements are used to ascertain the lattice constants of individual layers, and

the structures are re-grown if needed.

In this technique, a collimated beam of monochromatic x-rays is incident upon a
sample and diffracted by the crystal planes to produce a diffraction pattern. Every
material has a characteristic diffraction pattern which can be used to identify it and
study its geometry. The measurements were performed with a Bruker D8 Discover
diffractometer. In this system, a heated tungsten filament emits electrons which
are accelerated in a shielded x-ray tube and directed towards a metal anode. Upon
impact with the anode, the incident electrons interact with the electrons of the metal
and emit x-rays in the process. The wavelength of the x-rays is dependant on the
type of metal used for the anode [149]. A copper anode is used in this experiment
with an X-ray wavelength of 1.54 A. The x-rays are then conditioned to ensure
they are collimated and monochromatic, before being incident upon the sample and
reflected by the highly ordered atoms of the crystalline material. X-ray diffraction is
a result of elastic scattering of the incident electrons, a process in which the incident

radiation excites the electrons of the crystal lattice which then release this energy
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4.2. X-ray diffraction

in the form of secondary x-rays with the same wavelengths as the incident x-rays.
When the secondary x-rays are in phase with one another, constructive interference

occurs. This will take place when the following condition is satisfied:

nA = 2dsinfp (4.1)

where n is an integer order of reflection, A is the wavelength of the X-rays, d is
the spacing between the atomic planes in the growth direction, and 6p is the Bragg
angle at which constructive interference occurs. The diffracted x-rays will interfere
constructively only at specific angles due to the regular atomic spacing of the crystal
lattice. X-rays penetrate deeply into the material making it a bulk measurement
technique which allows us to determine the lattice constants of all of the different
layers in the material. During the measurement, a coupled w — 26 scan is used, where
w is the angle between the source and the sample, and 26 is the angle between the

source and the detector, as illustrated in figure [4.5]
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Figure 4.5: Schematic of the X-ray diffraction apparatus.

In this configuration, the x-ray source is stationary, while the sample and the
detector rotate around the same axis. During a scan, the detector moves at twice
the rotational speed of the sample to ensure it is correctly positioned at the site
of diffraction such that w = 6. The intensity of the reflected x-rays will reach a

maximum at § = 0p. If the epilayer(s) is lattice-matched to the substrate, then
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the structure will have a singular lattice constant, d, and the XRD scan will show
only one intensity peak whose location will be dependent on the substrate used. If
multiple peaks are visible, the epilayer(s) is mismatched, i.e. its lattice constant is
different than the lattice constant of the substrate. According to equation 4.1} if the
epilayer peak is located at an angle greater than the substrate peak, then its lattice
constant is smaller than the lattice constant of the substrate, and vice versa. Figure
[4.4] shows this tetragonal distortion in strained layers where the spacing between
the layers in the growth direction is affected (either increased or decreased) due to
the epilayers conforming to the lattice constant of the substrate. It is this layer
spacing in the growth direction that is measured through XRD. In order to confirm
the composition and thickness of individual layers, a Bede RADS software is used to
model the expected structure. The changes are then made to the input parameters
of the modelled structure (layer thicknesses, composition, and relaxation) until it
closely matches the measured XRD spectra. Figure[4.6)shows an example of a simple

XRD scan with the simulated spectrum overlaying the measured one.
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Figure 4.6: An example XRD scan of a thick GaSb layer epitaxially grown on a GaAs

substrate. Red line shows the spectrum simulated via the Bede RADS software.

62



4.8. Fabrication

The sample consists of a 5 um thick GaSb layer epitaxially grown on a GaAs
substrate. Due to the relatively large difference in the lattice constants of the two
materials (7.5%), the GaSb layer grew relaxed (with the aid of an interfacial misfit
array which will be discussed in more detail in chapter [5). From the location of the
GaSb peak it can be determined that this layer grew 99.84% relaxed. Evidently the
layer spacing in the growth direction of the epitaxial GaSb is still marginally bigger
than the native lattice constant of GaSbh due to this layer not growing 100% relaxed,

but with a negligible amount of residual strain.

4.3 Fabrication

The next step in sample preparation is device fabrication. It is at this stage that
epitaxially grown bulk p-i-n structures are transformed into photodetector devices
that can be electrically characterised. All samples in this work have been processed
in Lancaster University’s Quantum Technology Centre cleanroom. Each sample is
subject to the same fabrication process consisting of multiple steps, from cleaning
to chemical etching and contact deposition. During the fabrication, the highest
temperature the samples were exposed to was 180°C during a soft bake - well
below the Sb desorption temperature of 400°C at UHV. This temperature is even
higher at atmospheric pressure. Another consideration is diffusion of gold contacts
into GaSb when annealing at temperatures in excess of 250°C, which occurs even
when an intermediate layer of Ti is employed. However, this temperature was
never approached during fabrication. The samples were not exposed to plasma
at any point, hence the effect it might have on InGaAsSb is not known. For the
purposes of this project, it is important to maintain consistency between samples
during fabrication and to minimise any variation in processing steps that might
impact device properties and induce changes between different samples that are not
representative of the material properties. The individual fabrication steps will be

described in detail in the following section.
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4.3.1 Sample cleaning

The first step in device fabrication is wafer cleaning to rid the surface of any
contaminants and debris. This is achieved by soaking and rinsing of the samples in
three solvents. Firstly, a sample is placed in a beaker of acetone and left to soak
for several minutes. It is then transferred to a beaker of isopropyl alcohol (IPA) to
remove any stains or residues from the heavier solvent. The sample is then rinsed in
de-ionised water and dried with a high pressure nitrogen gun. Finally, the sample
is baked at 100°C for 1 minute on a conduction hot plate to thermally remove
any water residue or remaining contaminants. Parts of this process are repeated
at various stages of fabrication to ensure samples remain clean between different

processing steps.

4.3.2 Photolithography

Photolithography is used to define patterns on the surface of the sample prior to
contact deposition, chemical etching, and passivation. In this technique, the sample
is first covered with a layer of polymer-based photosensitive resist, and a mask with
chosen features is used to cover or expose certain areas of the surface before it is
exposed to ultraviolet (UV) radiation. The UV light either breaks down a positive
resist or hardens a negative resist. The sample is then soaked in a developer to
remove the broken down (or not hardened) resist, revealing a pattern on the surface.
The exposed parts of the surface can now either be etched or subject to deposition.
Figure shows the fabrication process involving multiple photolithography steps
carried out in this work.

Resist deposition

Once the sample has been thoroughly cleaned by following the steps described in
section [4.3.1] a bi-layer of resist is deposited to enable the deposition of the top
contact. The sample is loaded onto a chuck inside a SUSS MicroTec LabSpin spinner,
and a vacuum is activated to ensure the sample is fixed in place. A pipette is then

used to deposit a layer of LOR 3A[150] resist on the surface of the sample. LOR 3A
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1) Sample is cleaned, dried, and
dehydrated

EERR
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2) LOR 3A and 51813 are
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Figure 4.7: Processing flow for p-i-n photodiodes showing several lithography steps,

contact deposition, and wet chemical etching.

is not photosensitive, i.e. it does not react to UV radiation. The spin acceleration,

speed and time are varied to achieve the desired resist thickness. In this case, the
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desired primary film thickness is ~ 300 nm which was achieved by spinning the
sample at 3000 rpm for 45 seconds. The sample is then soft-baked at 180 °C for 5
minutes on a conduction hot plate to dry the LOR 3A film and remove any remaining
solvent before the second layer of resist can be applied. Post bake, the sample is
loaded back into the spinner, and a positive photoresist microposit S1813[151] is
applied with a pipette. After spinning the sample at 3000 rpm for 30 seconds which
results in a secondary resist thickness of ~2000 nm, the sample is baked at 115 °C

for 2 minutes. The sample is now ready for exposure.

Exposure and chemical treatment

The selective exposure to UV light was achieved with a SUSS MicroTec MJB4
mask aligner and a purpose-build mask. This system allows a top-side alignment
accuracy of < 0.5 pm|[152]. The mask is a 4”7 x 4”7 glass plate with a UV-resistant
patterned chrome film on one side. Each mask contains several different patterns
which correspond to various stages of device fabrication. The sample is first loaded
onto a stage and a mask with the desired pattern is firmly fixed above it with the
aid of a vacuum. The height of the stage, as well as its x, y, and 0 positions are
manually controlled to enable the precise alignment of the sample with the desired
mask pattern. A microscope fixed above the mask with a direct perpendicular
view of the mask surface and the sample below it is used to aid the alignment
process. The first step in the alignment procedure is the semi-automated wedge
error compensation which ensures the sample surface is parallel to the mask and
determines the correct distance between the two for exposure. After creating a small
(<50 pm) gap between the sample and the mask, the user then manually carries
out the x, y, and 6 corrections with the aid of the alignment features integrated
within the mask. Once the sample is aligned perfectly with the desired pattern on
the mask, the gap is eliminated and a soft contact is once again created between the
two, where the mechanical pressure keeps the mask and the sample aligned. In this
mode, a resolution of 2 ym can be achieved|152], which is sufficient for the feature

sizes used in this work. The sample is then exposed to UV light from a mercury
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lamp source, with a wavelength of 365 nm (I-line of mercury spectrum). Only the
clear parts of the mask will transmit the light, and hence the chosen pattern will
be imprinted on the surface. The exposure length depends on the resist type and
thickness, and was varied between 1.8 - 2.6 seconds to achieve the correct feature
definition. The selective exposure to UV light breaks down the chemical bonds in
the positive photoresist, which is then easily removed by chemical treatment with a
suitable developer. In this case, the sample was soaked in MF-CD-26[153] for 60-90
seconds to remove the broken down resist and reveal the desired pattern on the
surface. MF-CD-26 contains tetramethyl ammonium hydroxide (TMAH) which is a
substance known to etch GaSb[154]. However, due to the short development times
and the very slow etch rate of GaSb in MF-CD-26, the exposed parts of the surface
were unaffected. LOR 3A develops at a faster rate than S1813 which creates an
undercut profile and ensures a discontinuous film deposition. This enable a smooth
contact lift-off by creating a break in the evaporated metal, as illustrated in figure
4.8l The sample is finally rinsed in deionised water for ~10 seconds to neutralise
the developer, and dried with the high pressure nitrogen gun.

4.3.3 Contact deposition

Once the appropriate pattern has been defined on the surface, the sample is ready for
top contact deposition. Deposition of contacts (semiconductor to metal interfaces)
is necessary to enable the creation of an electrical circuit between the semiconductor
device and the external electronics. The contacts should be Ohmic, i.e non-rectifying
with linear I-V characteristics. The resistance of the contacts should be negligible
to minimise any voltage drop across them. Typically a two-layer contact system is
employed, in this case titanium and gold (Ti/Au). Titanium has a dual purpose:
(i) it serves as a barrier to prevent gold from diffusing into the semiconductor where
it can act as a dopant, and (ii) it aids the adhesion of gold. Gold is the preferred
choice for the upper contact layer since it’s inert, does not oxidise, and is relatively

easy to bond to.
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Figure 4.8: Deposition of a resist bi-layer enables a clean lift-off by creating a break

in the deposited contact.

Thermal evaporation

The deposition of contacts is achieved via thermal evaporation with a Moorfield
Minilab 060 reactor equipped with a turbomolecular pumping system. The source
materials are contained within baskets located at the bottom of the chamber. The
baskets are made up of various highly resistive materials which heat up when a
current is passed through them. The titanium basket is a coil of tungsten wire, while
the gold basket is additionally coated in alumina. The baskets are cleaned prior to
first use to remove any contaminants. This is achieved by firstly soaking them in
acetone and IPA, followed by heating them up to typical operational temperatures
by passing the equivalent current trough them while empty. Likewise, the source
materials are first cleaned in acetone and IPA, and then rinsed in deionised water and
dried with the nitrogen gun before being loaded into the baskets. The samples are
fixed to a plate with DuPont’s chemically and thermally resistant Kapton tape[155],

which is placed above the baskets with the samples facing down. A shutter located
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between the plate and the baskets prevents unwanted deposition of impurities before
starting the evaporation. The shutter is also used to control the thickness of the
metal contacts. It is important to remove any excess resist from the exposed parts
of the surface of the samples prior to evaporation, since resist is known to impede

the adhesion of contacts and compromise their quality.

Once the samples have been loaded, the door is closed and the turbo pump activated.
The base pressure is lowered to ~ 107% mBar before evaporation can start, to
prevent the contamination of contacts with impurities. Once the desired pressure
has been reached, a current passing through the Ti basket is slowly increased until
a pressure drop is recorded in the chamber. This marks the start of the titanium
sublimation which typically happens at currents between 55 and 65 A. This pressure
drop is caused by the high reactivity of titanium, which coats the chamber walls
and subsequently captures impurities. Once the pressure drop has been noted,
the current is allowed to stabilise before the shutter can be opened and deposition
started. The evaporation rate is monitored with a QPod software which uses sensor
data and a set of input parameters to calculate the thickness of the deposited
metal. The sensor is made up of a quartz crystal connected to an AC source, whose
frequency of oscillation changes depending on the amount of material deposited onto
it. The input parameters required to correctly measure the growth rate are material
density, Z-ratio, and tooling. Z-ratio accounts for the change in frequency depending
on the mass being deposited. The tooling factor accounts for the difference in the
thickness of the material deposited on the sample compared to the sensor, and is
mostly dependent on the distance between the two. The growth rate is kept around
~ 2 A/s for titanium, and ~ 5 A/s for gold. Once the desired thickness has been
reached (20 nm of Ti, 200 nm of Au), the shutter is closed and the deposition

abruptly discontinued.

The evaporation of gold ensues directly after titanium without removing the samples
from the chamber between evaporations, since titanium immediately and irreversibly

oxidises when exposed to air. The gold layer needs to be sufficiently thick (but not so
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thick that the total contact thickness exceeds that of the LOR 3A film) to withstand
any subsequent probing and/or bonding. Gold evaporates when the current in the
basket has been increased to 26-32 A. Unlike with titanium, there is no observed
pressure drop in the chamber, and previous evaporations are used as a reference to
confidently select the right current that gives the desired evaporation rate before
opening the shutter. Care must be taken to keep the evaporation rate sufficiently
high to minimise the length of time samples are confined to the chamber as the
temperature in the chamber rises continuously due to heat from the baskets. As
both the plate and the samples heat up, there is a risk of baking the resist which
might compromise the lift-off process. A thermocouple located above the samples

is used to monitor the temperature in the chamber.

Lift-off

Upon completing the evaporation of contacts, the samples are soaked in acetone
for several minutes to dissolve the S1813. Once gold flakes can be seen detaching
from the surface, a pipette is used to agitate the solution and aid the removal of
gold. Care must be taken to keep the samples submerged in acetone at all times
until all unwanted gold has been completely removed, to avoid the gold flakes being

permanently bound to the surface by van der Waals forces.

If acetone alone does not remove gold from the surface, samples can be treated
with a Shipley 1165 remover, without allowing the samples to dry during relocation.
For particularly stubborn samples, the remover can be heated up to ~ 60°C and
further agitated with a pipette. A mild ultrasonic bath can further aid the removal
of excess gold if needed. If only acetone has been used to complete lift-off, the
samples need to be additionally soaked in MF-CD-26 developer anywhere between
30 seconds and several minutes to remove the LOR 3A. Once all resist has been
removed, the developer is neutralised with deionised water and the samples dried
with the nitrogen gun. Microscopic imaging should reveal horseshoe-shaped circular

contacts of various sizes on the surface of the sample.

Once lift-off has been successfully completed and the samples cleaned, photolithog-

70



4.8. Fabrication

raphy is once again used to define the device mesas in preparation for wet chemical
etching. The same steps described in section are followed, with one difference
- only a layer of the S1813 photoresist is applied.

4.3.4 Wet chemical etching

Wet chemical etching is used to electrically isolate the devices, i.e. to chemically
remove unwanted material. In order to selectively etch the material between (what
are to become) individual device mesas, the samples are first patterned with resist
by following the steps described in section As mentioned before, only S1813
is needed to protect the parts of the sample we do not want etched (resist does not
react to chemical etchants).

A citric acid (C¢HsO~) and hydrogen peroxide (H2O2) solution was used with a 2:1
ratio to etch the samples. Citric acid granules are first mixed with deionised water
in a 1:1 ratio (typically 30 g of citric and 30 ml of DI water). The mixture is then
stirred until all of the granules have completely dissolved and the remaining solution
is clear. 15 ml of hydrogen peroxide is then added to the mixture which is stirred
for several more minutes to ensure a uniform solution. The samples should have
been subject to the second round of lithography at this stage and have the correct
pattern defined on the surface with the resist covering the parts of the surface
that are NOT to be etched - in this case we want circular device mesas with the
horseshoe contacts on top. The prepped samples are submerged in the etchant for
the appropriate length of time. Hydrogen peroxide reacts with the exposed surface
and creates oxides of the constituent elements. The citric acid then strips this layer
of oxides from the surface, and the cycle repeats until it is stopped by removing the
sample from the solution.

To electrically isolate the devices the etch depth needs to exceed 1800 nm (into the
n-InGaAsSb layer). Since GaSb and InGaAsSb layers have a relatively slow etch
rate in citric acid (between 2 and 6 nm/min), the samples were left in the etching

solution overnight (~ 12 hr) to ensure a depth greater than 2600 nm (thickness of
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the entire epilayer stack) is reached regardless of the exact quaternary composition,
i.e. all of the samples were etched several hundred nanometers into the substrate.
Once etching has been complete, the samples are thoroughly rinsed in DI water to
quench the etchant and remove any residue from the surface. Finally, the samples
are dried with the nitrogen gun and the surface profiled. A KLA-Tencor Alpha-Step
IQ surface profiler was used before and after the etch to check the etch depth and
surface quality. If the desired etch depth has been reached, the remaining resist can
be removed from the device mesas with a brief (~ 5 min) acetone bath.

If no passivation is to be applied to the surface, a common contact is deposited at
this stage to allow electrical characterisation. All samples in this work employ a
Ti/Au (20/200 nm) back contact which is deposited via thermal evaporation post
etch on the back surface of the samples by following the steps described in section
[4.3.3] To protect the surface of the samples, Kapton tape is first placed on the
evaporator plate before the samples are fixed to it. Lithography and lift-off are not
necessary in this case, since we want the entirety of the back surface to serve as the
common contact.

If encapsulation of the surface is needed to prevent oxidisation, passivation ensues
immediately after the etch has been completed to minimise the length of time the

surface is exposed to air and subject to oxidation.

4.3.5 Passivation

Surface oxidation as a result of exposure to air is a known cause of unwanted
surface currents in many materials and structures. Hence a passivating layer is
often deposited on the surface as the last step in device fabrication to combat this
issue. Surface passivation is referred to a chemical treatment of the surface with
the aim to neutralise the dangling bonds. It is often followed by encapsulation (also
sometimes referred to as passivation), a process by which a thin layer of dielectric
and chemically non-reactive material is deposited to stabilise the surface. When

treating optical devices care needs to be taken to choose a material that is optically
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transparent to the wavelengths of interest.

Different types of passivation processes have been demonstrated for InGaAsSb,
with varying degrees of success. The simplest one is encapsulation of the surface
without prior chemical treatment to limit oxidisation. This is often achieved
with a polyimide[128], [129], or SU-8 resist|[131]. A layer of silicon nitride
(SigNy) or silicon dioxide (SiOj) is also sometimes deposited on the surface as
both a passivating and anti-reflection layer[60], [127], [140]. An addition to
this process is a chemical treatment of the surface either with an acid-based
etchant to remove the oxide layer[135] and/or a sulfide-containing solution to
additionally neutralise the dangling bonds prior to encapsulation. Sulfur passivation
was found to reduce the native oxide layer and limit surface recombination|156],
[157].  Some such solutions include, but are not limited to, thioacetamide
(CH4CSNH,)[88], ammonium sulphide ((NHy)2S)[88], [156], [158], [159], NasS-
C3H;OH|160], octadecylthiol (CH3(CHsz)17SH)[157], and sodium sulfide (NayS)[99),
[130], |161]. The devices are then often encapsulated in a layer of silicon dioxide
(Si09)[2], [141] or polyimide[162] to prevent long-term degradation often noted in
sulfur-treated devices. It is difficult to ascertain which one of the above techniques
is most favourable for the passivation of InGaAsSb devices, as further investigations

needs to be carried out.

The samples in this work have been passivated with a layer of SU-8 resist, as
illustrated in figure SU-8 is an epoxy-based, negative photoresist with a very
high optical transmission above 360 nm, making it an excellent choice for treatment
of infrared devices[163]. Before the resist is applied, the samples are cleaned and
dried by following the steps described in section [£.3.1] A small amount of SU-8 is
then applied to the surface of the sample with a pipette, and subsequently spun to
create a thin uniform layer. An initial speed of 500 rpm for 10 seconds is used to
evenly distribute SU-8 across the surface. The speed is then increased to 3000 rpm
for 30 seconds to achieve a film thickness of ~500 nm. The sample is soft baked

at 95 °C for 1 minute and placed in the MJB4 mask aligner ready for exposure.
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Figure 4.9: Processing steps for the passivation of the photodiodes’ sidewalls with

SU-8 photoresist.

The alignment process described in section is followed before the sample is
exposed to UV light for 2 seconds through the appropriate pattern on the mask.
Since SU-8 is a negative photoresist, parts of the surface that we want to passivate
(mesa sidewalls) are exposed. A post-exposure bake ensues at 95 °C for 2 minutes,
to complete the epoxy cross-linking which renders it insoluble to liquid developers.
The sample is then placed in SU-8 developer (2-methoxy-1-methylethyl acetate) for
1 minute and the solution agitated to aid the development process. The final step
is rinsing the sample in fresh developer for ~10 seconds, followed by rising in IPA
for another ~10 seconds, and drying with the nitrogen gun. Only the exposed parts
of the SU-8 should remain on the surface. The samples are now ready for electrical

characterisation.
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Figures [4.10a] and show a cross-section of the finished p-i-n InGaAsSb

photodiode, and a microscopic image of its surface post-fabrication.
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Figure 4.10: (a) p-i-n device structure. (b) Surface of a fabricated sample as seen

under a microscope showing the circular mesas and the horseshoe top contacts.

4.4 Characterisation

The following section outlines the characterisation techniques utilised in this work.
Prior to device fabrication, the spectral response of as-grown samples is investigated
via Fourier Transform Infrared spectroscopy (FTIR) which enables the extraction
of the bandgap energy as well as the calculation of the absorption coefficient.
After fabrication of the devices, further electrical characterisation can ensue,
primarily current-voltage (IV) measurements for the purpose of investigating leakage
characteristics, dynamic resistance, and quantum efficiency under direct illumination
from an infrared laser. Furthermore, capacitance-voltage (CV) measurements shed
light on the background carrier concentration in the intrinsic layer. Finally, specific

detectivity can be calculated for each device based on the above information.
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4.4.1 Fourier Transform Infrared spectroscopy

The first step in device characterisation is Fourier transform infrared spectroscopy
(FTIR), which takes place before device fabrication. This technique allows one to
measure the amount of light that is transmitted through a sample. This information
can then be used to determined the bandgap energy of the material and to calculate
the absorption coefficient of the epilayer.

Transmission through the samples was measured with a Bruker Vertex 70 FTIR
spectrometer[164]. It is equipped with two light sources - a near infrared (NIR)
source consisting of a tungsten halogen lamp, and a mid infrared (MIR) source
consisting of a U-shaped silicon carbide piece (globar). The spectrometer is also
equipped with two beamsplitters - a KBr and a CaFy beamsplitters for MIR and
NIR measurements, respectively. The standard detector used for the majority of
measurements is a pyroelectric DLaTGS detector which covers a spectral range
from 0.83 to 40 pm. The right combination of a source, detector, and a beamsplitter
is chosen to perform the transmission measurements. For InGaAsSb samples this
is the MIR source, KBr beamsplitter, and the internal DLaTGS detector. This
configuration allows for spectral measurements in the range between 1.25 and 28.6
pm. The spectrometer is connected to a PC and is entirely computer-controlled via
the spectroscopy software OPUS which is used to configure the spectrometer, specify
the measurement parameters, acquire the measurement, as well as display and
manipulate the data. At the heart of the spectrometer is the interferometer which
is responsible for encoding information into the light by creating an interference
pattern. The spectrometer is also equipped with a red (632.8 nm) HeNe laser
which controls the position of the moving interferometer mirror, and is also used to
determine the data sampling positions|165].

The FTIR spectrometer operation can be explained with reference to figure [4.11]
Light from the source is first reflected by a focusing mirror onto the aperture wheel
which is used to control the power of incident light. It is then reflected by a

collimating mirror onto the beamsplitter which acts as a partial reflector. Part of the
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Figure 4.11: A schematic diagram of the Vertex 70 FTIR spectrometer showing
the optical path for a typical transmission measurement, with relevant components
labelled[165]. OPF is the optical filter wheel, APT is the aperture wheel, BMS is
the beamsplitter, and D1 and D2 are detector positions.

light is reflected onto a stationary mirror, while the remaining light is transmitted
onto a continuously moving mirror. The two beams are then re-combined at the
beamsplitter into a single beam of light. Since the moving mirror is continuously
changing the path length of one of the beams, once they recombine the resulting
difference in the path lengths of the two beams will create an interference pattern.
This part of the spectrometer is known as the interferometer and is permanently
aligned. The single beam is then focused by another mirror through one of the
windows of the sample compartment and onto the sample. Finally, the light
that is transmitted through the sample exists the sample compartment through
the second window and is focused onto a detector by the final mirror. The time
varying interference pattern (interferogram) is analysed via Fourier transform and

re-constructed into a transmission spectrum displayed in OPUS. Note that the GaSh
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sample was measured with a different configuration. The tungsten halogen lamp
was used as the NIR source, CaFy as the beamsplitter, and an external prototype
InGaAsSb detector similar to the one reported in reference[140] was used to achieve
a spectral range between 1.33 and 2.5 pm.

Prior to measurement, the sample is installed onto a metallic plate with a small
circular hole at the centre, and placed inside the sample compartment perpendicular
to the beam path. The beam of light passes through the hole in the plate, through
the sample (enters via the substrate and exists via the top epilayer surface), and
onto the DLaTGS detector (labelled D1 on the diagram in figure [1.11)). To ensure
correct analysis of the transmitted spectrum, a background measurement must first
be taken, with only the empty sample plate in the sample compartment. Since
some of the incident light will be reflected by the back surface of the sample at the
substrate-air interface, and likewise absorbed by the substrate itself, it is important
to ascertain both absorption and reflection due to the substrate alone prior to
sample measurement. To achieve this, a measurement is performed on a piece of the

substrate wafer.

4.4.2 Current-voltage and quantum efficiency measurements

Current-voltage (IV) measurements are at the core of electrical characterisation of
devices presented in this work. Investigating current flow through the diode under
reverse bias and dark conditions enables one to ascertain the nature and significance
of unwanted leakage currents present in the devices. Likewise, in forward bias the
IV relationship will deviate from the ideal diode case due to the presence of both
shunt and series resistance which are caused by defects in the material and imperfect
contacts respectively (refer to section . Furthermore, repeating the above IV
measurements but under light conditions with a laser directed at the surface of
the device will provide a voltage dependent measurement of the external quantum
efficiency.

The IV measurements were taken with a Keithley 2400 sourcemeter and a
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Wentworth probe station MP-2010. The Keithley is connected to a PC and
externally controlled by a LabView software. Since the samples employ a back
contact, instead of being placed directly onto the probe station stage, they were
placed on a gold leaf (a thin glass sheet with a thick layer of gold deposited on the
surface via thermal evaporation) to ensure a good contact between the probe tip and
the back surface of the sample. Hence, one probe tip is placed on the top contact
of the device under test, while the other probe tip is placed on the gold leaf. A
circuit is thus created between the device and the sourcemeter as can be seen from

the diagram in figure 4.12]

PC
< SMU <
¥
sample
[ ——

gold leaf

Probe station

Figure 4.12: A schematic diagram of the IV setup. SMU (sourcemeter unit) is a
Keithley 2400.

For quantum efficiency measurements, a 1.55 ym ThorLabs fibre coupled laser
source (model S3FC1550) was used to illuminate the devices. The exposed tip
of the optical fibre is fixed to a microadjuster to allow for a precise positioning
of the laser over the device mesa. The alignment is completed with the aid of a
computer controlled ThorLabs C1284R13C camera. Additionally, the diode current

is monitored in real time during the alignment process to ensure maximum (and
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stable) current output, which would indicate that all of the light from the laser is
falling onto the surface of the mesa. The output power of the laser is verified with a
reference detector - a commercial InGaAs photodetector (FGAO1FC) with a known
responsivity of 1.04 A/W at 1.55 um. The laser output is split so that 10% of the
light is incident upon the reference detector, while the remaining 90% is incident
upon the sample. The reference detector is operated at -5 V by a Keithley 6340
sourcemeter. The setup can be seen in figure [4.13]

Reference
i e SMU

Fibre Q’&Ca\y“ detector

splitter O
1.55 pm
laser Optical fibre
(v} -

 fipra Device SMU

Figure 4.13: A schematic diagram of the QE setup with the InGaAs detector as a

reference.

4.4.3 Spectral responsivity measurements

Spectral responsivity /external quantum efficiency measurements were performed
with a Bentham PVE300 photovoltaic QE system|[166] which consists of a xenon-
quartz tungsten halogen dual light source and a TMc300 monochromator[167] with
a triple grating turret. The setup is fitted with a sample stage and probes as well
as Si, Ge, and PbS reference detectors. The samples in this work were characterised
using both Ge and PbS as reference detectors with a combined 800-3000 nm spectral
cover. The measurements were performed at zero bias and room temperature. Due
to the difficulty in successfully probing the devices with the Bentham probe station
which is best suited for larger samples, the measurements were not performed on all
samples. Likewise, due to the smallest spot size still being larger than the biggest

devices fabricated in this work, the resulting spectrum had to be scaled to the
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responsivity measurement obtained with a 1.55 pum laser as described in section

4.4.21

4.4.4 Capacitance-voltage measurements

Capacitance-voltage (CV) measurements were carried out with an Agilent E4980A
precision LCR meter. The meter is first calibrated in the open circuit mode with
only one probe in contact with the gold leaf. To enable a CV measurement, an
AC voltage is superimposed onto the DC biasing voltage. During measurements,
an AC signal amplitude of 25 mV, and a frequency of 1 MHz was used. The phase
angle between the measured and applied AC signal was monitored to ensure the
measured device was behaving like a capacitor with the expected phase difference
of ~ 90°. The unintentional doping concentration (uid) of the intrinsic layer can
then be extracted by fitting the CV data to a model. The model calculates the
capacitance of a device by treating the individual layers as parallel plate capacitors
in series. The doping of the p, 7, and n regions is varied until the model provides an

excellent fit to data.

4.4.5 Capacitance modelling

Capacitance of the p-i-n devices can be calculated by solving Poisson’s equation
in one dimension. The electric fields, F;, at layer boundaries of such a structure

(illustrated in figure |4.14)) can be calculated through

Dy = gN, X, Dy = qN> X, D3 = gN3 X3 (4-2)

where ¢ is the electron charge, N; is the doping concentration, X; is the depletion
width, and D; is the electric displacement field given by D = ¢p¢,.E. Here, ¢, and ¢,
are the permittivity of vacuum and the dielectric constant respectively. Combining

the above equations yields
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(dE/dx), E,

p* (Ny) p (Ny) n*(-N;)

Figure 4.14: Electric field distribution in a p-i-n device structure with N; doping
concentrations, and X; depletion widths, assuming p and n regions are fully depleted

of carriers. F; and Fs are the boundary electric fields.

_ —qN1 X7 — N2 Xs

X
’ qN3

(4.3)

The total voltage drop, V, across the device, given by the sum of the built-in and
applied voltages, is related to the integral of the electric field through

V=3

1/ DXy DyX D, + Dy) X
(11+23+(1 2)2) (4.4)

€1 €3 €2
Substitution of equations [4.2] and [4.3] into equation [£.4] gives a quadratic equation
in X1

B —b+ V/b? — 4ac

X
! 2a

where the a, b, and ¢ coefficients are given by
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Finally, the capacitance of the device can be calculated through

C = epe,. /W (4.9)

where W is the total depletion width of all three layers.

The above calculation can be extended for an arbitrary number of layers, which
is often useful when dealing with layer interfaces where the change in the doping
concentration is not always abrupt. Insertion of one or more thinner layers with
intermediate doping concentrations at the interfaces sometimes provides a better fit

to experimental data. An example of such a fit can be seen in figure [4.15]

0 1 1 1 1 1
5 4 3 2 -1 0 1

Voltage (V)

Figure 4.15: An example of the CV model fit to experimental data.
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More information about the extended calculation for N number of layers can be

found in reference [16§].
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Chapter 5

Results 1

The following sections focus on the MBE growth of InGaAsSb p-i-n photodiodes, as
well as the growth of InGaAsSb single layers, outlining substrate preparation and
epilayer growth as well as subsequent characterisation via x-ray crystallography.
Moreover, optical characterisation results are presented, with a focus on absorption

coefficient data and bandgap energy.

5.1 Photodetector design

In order to investigate the material properties of the InGaAsSb alloy and characterise
InGaAsSbh-based photodetectors, a homojunction p-i-n structure illustrated in figure
5.1| was chosen. The intrinsic region thickness of 1500 nm is sufficiently thin to limit
signal attenuation during transmission measurements, but thick enough to provide
good absorption coefficient data, high quantum efficiency, and reliable unintentional
background doping information. The intrinsic region is clad with a tellurium-
doped, 500 nm thick n-type InGaAsSb layer with a carrier concentration of 3 x 10'8
cm™3, and a beryllium doped, 250 nm thick p-type InGaAsSb layer with a carrier

3. The top p-type InGaAsSb layer is made thinner

concentration of 2 x 10'® cm~
to minimise absorption outside of the depletion region, and is slightly lighter doped

than the bottom n-type InGaAsSb. With this configuration, the depletion region
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extends further into the p-layer to ensure the collection of photogenerated carriers
nearer the surface of the top-illuminated device by the strong electric field. The 50
nm GaSb cap serves as a contact layer and is highly Be-doped with a concentration
of 4 x 10'® em~3. The cap is kept sufficiently thin to ensure absorption in this layer

is negligible.

p-type GaSb Be-doped, 4 x 1018 cm—3 50 nm
p-type InGaAsSh Be-doped, 2 x 108 cm™3 250 nm

uid InGaAsSb 1500 nm
n-type InGaAsSh Te-doped, 3 x 1018 cm~3 500 hm

n-type GaSb buffer Te-doped, 4 x 1018 cm=3 300 nm

n-type GaSb substrate  Te-doped, 1 x 1017 cm—3

Figure 5.1: InGaAsSb p-i-n photodetector structure showing layer thicknesses and
doping profile.

Since this alloy can be grown lattice-matched to GaSb for a wide range of
compositions, with indium fractions up to ~ 30% before encountering the miscibility
limit (refer to section , multiple In,Ga,_xAs,Sb;_y p-i-n photodiodes were
grown with different compositions ranging from x = 0 (GaSb), to x = 0.3,
over several growth campaigns. The corresponding As fraction that satisfies the
lattice matching condition according to Vurgaftman[100] is calculated through
(GaSb);_x(InAsg.91Sbo.g9)x. For simplicity, and due to most epilayers being lattice-
matched to the substrate within 250 arcseconds, only the In fraction will be indicated
henceforth. The list of grown p-i-n samples and the degree of lattice mismatch is
summarised in table 5.11

Additionally, single layers of both GaSb and InGaAsSb were grown on undoped
GaAs for further optical characterisation, since transmission data above 0.65 eV of

the p-i-n samples is obscured by the absorption tail of the GaSbh substrate. This
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In fraction (%) | device number | lattice mismatch (arcsec)

0 XK1788 0

4.3 XK1744 72

) XK1635 250

10 XK1573 < 20

12 XAB1582 ~ 280

15 XLH1503 ~ 100

20 XK1785 ~ 130

26 XAC1476 ~ 120

30 XK1779 /

Table 5.1: In,Ga;_xAs,Sb;_y, p-i-n photodiodes grown via MBE, with indium
fractions between 0 < x < 0.3. The degree of lattice mismatch is indicated for

each sample.

is particularly relevant in the case of the GaSb p-i-n grown on GaSb, since the
epilayer’s absorption and bandgap are completely obscured by the absorption of the
thick substrate. In order to differentiate between the epitaxial GaSb and the doped
substrate, it is necessary to grow GaSb on undoped GaAs, which is optically semi-
transparent (transmits ~60% of incident light) in the wavelength range of interest.
However, growing these transmission layers on GaAs introduces interference effects
due to the relatively large difference in refractive indices of InGaAsSb and GaAs,
which needs to be accounted for during data analysis. The structure of the InGaAsSb
and GaSb transmission samples grown on undoped GaAs is shown in figures [5.2a]
and [5.2D] respectively.

Firstly, a 200 nm undoped GaAs buffer was grown, followed by a 500 nm
GaSb layer, before the final layer of InGaAsSb is deposited. Interfacial misfit
(IMF) arrays, which will be discussed more in section , are employed to enable
growth on a mismatched substrate. The only difference between the InGaAsSh

and GaSb samples is their thickness - InGaAsSb layers were kept at 1 um, while
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uid InGaAsSb 1000 nm
uid - GaSh 500 nm uid - GaSh 5000 nm
C oI oCooIoIIIIIIIIoIIITIIIiTIITIIERIMF LILISSIIIIoIIIIITIIIIIIITTIIIITIITIIISMF
uid- GaAs buffer 200 nm uid- GaAs buffer 200 nm
uid - GaAs substrate uid - GaAs substrate

(a) (b)

Figure 5.2: Transmission sample structure of (a) InGaAsSb, and (b) GaSb.

the GaSb layer was grown thicker at 5 pm. While such a thick layer significantly
attenuates the transmission signal for wavelengths above the GaSb bandgap due
to its strong absorption, it also minimises the effect of interference fringes which
allows data extraction around and below the absorption edge where the absorption
is much weaker. Since we obtain a clear view of the sub-bandgap absorption for the
InGaAsSb samples grown on GaSb, a thinner layer of InGaAsSb was grown on GaAs
in favour of a stronger signal for wavelengths above the absorption edge. Table

lists all of the transmission layers grown and their lattice mismatch.

In fraction (%) | device number | lattice mismatch (arcsec)
0 XGS2409 0
) XK1787* 195
10 XK1786* 137
14 XAB1309 367
20 XAB1308* 368
25 XAB1315 540

Table 5.2: InyGa;_xAs,Sby_, transmission layers grown via MBE, with indium
fractions between 0 < x < 0.25. The degree of lattice mismatch is indicated for

each sample. *Samples grown on single side polished GaAs.
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The single layers were allowed a higher degree of lattice mismatch due to the
focus being on the high energy absorption rather than the bandgap. Unfortunately,
none of the InGaAsSb transmission samples could be used for the purpose originally
intended due to several reasons. Firstly, the samples marked with an asterisk were
grown on single-side polished GaAs substrates, which rendered FTIR transmission
measurements meaningless due to the diffuse reflection of incident light from
the back surface of the samples. While it was possible to attempt reflection
measurements with the FTIR in conjunction with the reflection accessory, this
was deemed unfeasible due to the added complications with the setup and data
analysis. Secondly, the absorption coefficient could not be extracted even from the
samples grown on double-side polished GaAs substrates due to their slightly more
complicated structure compared to the GaSh sample with regards to interference
analysis which rendered the chosen approach unusable. The interference modelling
will be explain more in section[5.5.1 The growth of photodetectors and transmission
layers is described in more detail in sections and [5.3] respectively.

5.2 Growth of InGaAsSb p-i2-n photodiodes

The InGaAsSb photodiodes are grown on 1 2 inch (100) n-GaSb (Te-doped)
substrate wafers from Wafertech|169]. Each 2 inch wafer is cleaved into four equal
pieces, which are individually loaded onto substrate holders and into the load lock.
After the completion of the load lock bake, the wafer is transferred to the buffer
chamber by following the steps outlined in section The wafer is then outgassed
at 350 °C for several hours, or until the pressure in the buffer chamber has fallen

below ~ 5 x 1078 bar. Finally, the wafer is transferred into the growth chamber,

where substrate deox is initiated.

The substrate is heated up to the GaSb oxide desorption temperature in
incremental steps, staring from 200 °C, while under continuous azimuthal rotation

at a rate of 10 degrees per second. At ~ 450 — 500°C, Sb flux is introduced to
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compensate for the faster desorption of Sb from the surface. As the substrate
temperature is further increased, the surface is monitored carefully until spots start
to appear on the RHEED screen, indicating the beginning of oxide desorption
(typically at ~ 540°C). The temperature is then increased by a further 10 °C,
and maintained for ~ 10 minutes. The subsequent removal of the oxide layer
unveils a rough GaSb surface with a bright spotty pattern visible on RHEED,
indicative of 3D surface structuring. After the completion of oxide desorption, the
substrate temperature is decreased to GaSb growth temperature of 500 °C. Once
the temperature has stabilised, Ga flux is introduced and growth of the GaSb buffer
ensues at the growth rate of 1 ML/s. Within the first few monolayers of growth, the
surface smooths out and the RHEED pattern becomes streaky, indicating favourable
2D growth. GaSb is grown under Sb stable conditions which are represented by the

1x3 reconstruction pattern visible during growth.

When growing a quaternary alloy such as InGaAsSb, several considerations need
to be made. Firstly, the composition needs to be lattice-matched to the GaSb
substrate. Secondly, the overall V/III growth rate ratio needs to be adjusted to
account for the lower sticking coefficient of group Vs, and finally, the difference
in the relative incorporation of As and Sb into the crystal, which was shown to
also be temperature dependent, needs to be accounted for. It was shown that Sb
incorporation decreases at increasing temperatures, which means that any change in
the growth temperature also changes the As/Sb ratio. Multiple calibration growths

are often needed to achieve an acceptable lattice-matched composition.

While the substrate deox is performed manually, epitaxial growth is controlled by
the Veeco’s Molly Growth Control Software[170]. Molly is used to write and execute
recipes to allow for precise sample growth with abrupt interfaces and carefully
controlled layer thicknesses. Each recipe starts with the GaSb buffer growth, and
is initiated after a successful oxide removal and once the substrate temperature has
stabilized at the correct growth temperature. After the 300 nm buffer has been

grown, the substrate temperature is lowered to the appropriate growth temperature
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for InGaAsSb layers, between 440 and 450 °C. Cells containing group III elements
(In and Ga) are pre-heated to precise temperatures to ensure the correct growth rate
ratio corresponding to a particular In/Ga compositional ratio. Growth rates as a
function of cell temperatures are pre-calibrated via RHEED oscillations, as described
in section Similarly, dopant cells (Tellurium for n-type, and Beryllium for p-
type) are pre-heated to the appropriate temperature to provide the required doping
concentration in each layer. The valve openings of cells containing group V elements
(As and Sb) are set to a desired value to give the correct As/Sb ratio that satisfies
the lattice matching condition. Finally, cell shutters of all constituent elements and
dopants are opened to allow the evaporated elements to escape into the vacuum
and onto the surface of the substrate. InGaAsSb layers were grown at a rate of 1
ML /s, while the total group V/III growth rate ratio was maintained at ~1.8 across
all samples. Higher group V flux is necessary to compensate for their lower sticking

coeflicient.

5.3 Growth of InGaAsSb transmission layers

InGaAsSb transmission layers were grown on undoped § 2 inch (100) GaAs substrate
wafers from Wafertech[171]. Most of the substrate preparation steps outlined in the
previous section are followed, with a few minor differences. GaAs outgas and deox
are achieved at higher temperatures of 400 and 580 °C, respectively. Unlike GaSh,
GaAs starts exhibiting a spotty pattern on RHEED before the oxide desorption
temperature is reached, due to it having a thinner native oxide layer. However, the
successful completion of the oxide removal is signified by a notable increase in spot
brightness. As flux is introduced during deox to compensate for the desorption of
As atoms from the surface. Since the melting point of GaAs is much higher than its
oxide desorb temperature, the deox steps can be included in the recipe without the

risk of compromising the quality of the surface.

After the removal of the surface oxides, growth of the GaAs buffer proceeds
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at a rate of 0.6 ML/s and a temperature of 565°C. The surface is now ready for
the implementation of the IMF array to allow growth of GaSb on a mismatched
substrate. The first step is a brief cessation of arsenic flux which creates a Ga
terminated growth surface, followed by the addition of Sb flux for several minutes,
before Ga flux is finally introduced, and growth of the GaSbh layer can proceed.
During this process, the substrate temperature is incrementally reduced from the
GaAs to the GaSb growth temperature. Successful IMF is represented by a
2x8 RHEED pattern. Once GaSb growth is initiated, the RHEED pattern first
transforms into spots, and finally streaks with a 1x3 reconstruction pattern as the
surface smooths out and a good quality epilayer is formed. After a few hundred
nanometers of the intermediate GaSb layer have been deposited, the growth of

InGaAsSb layer can finally ensue.

The IMF implementation process essentially enables GaSbh to grow fully relaxed
(> 99% relaxation) without introducing threading dislocations which extend into the
electrically active region. The strain relief due to a large lattice mismatch between
the two materials occurs only through an array of lateral misfit dislocations which do
not extend into the electrically active layers|168|. More detail about this technique

can be found in reference [168].

5.4 XRD analysis

As previously mentioned, X-ray diffraction measurements are an important step in
achieving high quality, lattice-matched epitaxial layers, particularly when working
with quaternary III-V alloys. XRD measurements, detailed in section [£.2] were
performed on every sample immediately after growth to infer the degree of lattice
mismatch and the corresponding composition of InGaAsSb layers. For photodetector
samples, if lattice mismatch exceeded 150 arcseconds, the sample was re-grown
until a satisfactory result was achieved. This was done primarily to minimise the

occurrence of any strain-induced defects in the electrically active region, which
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would negatively impact the device properties. Additionally, any change in the
composition also changes the lattice constant, and by extension the bandgap energy
of the material. Therefore, in order to obtain a fair representation of the variation of
the InGaAsSb bandgap with In fraction, it is important to grow very closely lattice-
matched alloys. The InGaAsSb transmission layers were allowed a higher degree
of mismatch since their main purpose was to extend the absorption data beyond
the GaSb absorption tail at 0.65 eV, hence the impact of potential strain-induced
defects and dislocations on the material quality, as well as the slight shift in the

bandgap energy could be ignored.

After obtaining the measurements, the Bede RADS software was used to simulate
the diffraction spectrum of the structure to confirm the exact composition of the
InGaAsSb layers. What makes the compositional calibration via XRD modelling
possible, is the fact that group III elements (In and Ga) have a unity sticking
coefficient. This knowledge, combined with the group III growth rate calibrations,
allows us to fix the In and Ga fractions as known parameters of the modelled
structure, and vary the As and Sb fractions until the simulated spectrum closely
matches the measured one. While there is potential for error when determining
the composition of InGaAsSb layers due to the reliance on group III growth rates,
they were shown to be extremely stable and were found to deviate by no more
than 5% of the calibrated value over extended growth campaigns. An attempt
was made to provide an independent measure of the III/III (Ga/In) ratio through
an XPS (X-ray photoelectron spectroscopy) study conducted in collaboration with
another research group. However, despite the lengthy characterisation of a large
number of samples and comparison to binary alloys as references, the uncertainties
remained excessive and ultimately this technique could not provide useful precise
compositional information. While the group V growth rates were also calibrated
via RHEED oscillations, due to their non-unity sticking coefficient and the fact
that both the overall V/III ratio, as well as the relative As/Sb incorporation is

temperature sensitive, it is often necessary to re-grow samples after XRD analysis
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with a slight change in the Sb and/or As valve positions. In the case of very dilute
alloy compositions, the As bulk temperature was additionally lowered to enable such
low As fractions that satisfy the lattice-matching condition.

In,Ga;_xAsySbi_y p-i-n samples with 0 < x < 0.15 exhibit well defined and
narrow epilayer peaks, as evident from XRD data of two lattice-matched (figures
and and two mismatched (figures [5.3b| and [5.3d)) samples, indicating a

uniform crystal growth.
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Figure 5.3: X-ray diffraction data for In,Ga,_ As,Sby_y p-i-n samples with: (a) x

= 0.043, (b) x = 0.05, (¢) x = 0.1, and (d) x = 0.12.

Alloys with x = 0.043 and 0.1 are extremely well lattice-matched, with the
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InGaAsSb epilayers only 72 and < 20 arcseconds apart, respectively. The simulated
diffraction spectra are in very good agreement with the measured ones, and the As

content is within a fraction of a percent of the target.

The two mismatched alloys with x = 0.05 and 0.12, exhibit two epilayer peaks
each, 50 and 100 arcseconds apart, respectively. Due to a larger degree of lattice
mismatch, around ~300 arcseconds in both cases, the InGaAsSb epilayers initially
grew strained until reaching the critical thickness, at which point the strain could
no longer be supported. This resulted in the relaxation of the successive layers,
evident from the appearance of the second peak on the XRD scan, located closer
to the substrate peak. The degree of relaxation depends on the degree of lattice
mismatch - if sufficiently great, the alloy will grow fully relaxed from the start. It is
difficult to ascertain precisely where this cutoff may be and the degree of relaxation
associated with each intensity peak. However, an assumption can be made that, for
a moderate degree of mismatch, the InGaAsSb layer initially grows 100% strained.
This is further supported by the fact that, in order to fit the measured spectra
assuming the InGaAsSb initially grows with a certain degree of relaxation, group V
content needs to significantly deviate from the expected one, as inferred from growth

rate calibrations, which is deemed unlikely. With the above assumption, graphs in

figures and can be analysed as follows.

The sample with x = 0.05 initially grew 100% strained with an As content 1.65%
higher than the lattice-matched case, resulting in a primary diffraction peak 270
arcseconds to the right of the substrate peak. A higher As content corresponds to
a lower lattice constant, which caused a build-up of tensile strain. Strain-relief was
achieved through the 35% relaxation of the successive InGaAsSb layers, resulting in
a secondary diffraction peak located closer to the substrate, only 230 arcseconds off.
Hence the two peaks visible on the XRD scan in figure |5.3b| correspond to strained
and relaxed InGaAsSb layers with the same composition. The sample with x =
0.12 grew with a larger degree of mismatch (~350 arcseconds) due to an As content

2.06% lower than the lattice-matched target. The lower As content increased the
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lattice constant which lead to a build-up of compressive strain and finally caused a
greater degree of relaxation (65%) of the successive InGaAsSb layers. The relaxed
peak is 230 arcseconds to the left of the substrate peak. The two samples, while fully
processed and characterised, were not included in the analysis of the compositional

trend due to the higher degree of mismatch present.
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Figure 5.4: X-ray diffraction data for InyGa;_4As,Sby_y p-i-n samples with: (a) x
= 0.15, (b) x = 0.20, (c¢) x = 0.26, and (d) x = 0.30.

Samples with 0.15 < x < 0.3 exhibit a general broadening of XRD peaks and
even decomposition into multiple peaks despite their mismatch never exceeding 150

arcseconds, as can be seen in figures [5.4al{5.4c, The sample with the highest In
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5.4. XRD analysis

fraction of 30% shown in figure could not be grown within the lattice-matched

range at this growth temperature.

The analysis of the diffraction spectra is more difficult in this case due to the
large number and spread of the peaks. Attempts have been made to fit the multiple
peaks with various degrees of relaxation of the InGaAsSbh epitaxial stack, but with
limited success. This is due to the epilayer peaks being located at both sides of the
substrate peak, suggesting certain regions of the bulk InGaAsSb contain excess As,
while others lack in As. One potential explanation is an instability in As and/or
Sb fluxes. However, this is deemed unlikely since the samples were grown over
multiple growth campaigns. The most likely explanation for this large variability
in group V content is phase separation, where the alloy decompositions into GaAs-
and InSb-rich phases. The phase separation worsens as we approach the onset of
the miscibility limit, culminating finally in the 30% sample which exhibits not only
multiple peaks spread out ~ 400 arcseconds around the substrate peak, but the

region between the peaks also remains relatively high and flat in intensity.

Phase separation in InGaAsSb alloys is a known issue, and is of thermodynamical
origin (refer to section . Growth of this material system via epitaxy techniques
that require near-equilibrium conditions is extremely challenging, and seldom
produces a uniform material due to its tendency to decompose into GaAs- and InSb-
rich quaternary phases|36|, [37]. While the growth of InGaAsSb with suppressed
phase separation was shown possible via MBE for a wider range of compositions[18],
[110], it remains dependant on the specific growth conditions employed for each
composition. In general, lower growth temperatures were correlated with a lesser
degree of phase separation and increased material uniformity for alloys with higher In
and As fractions|18], [34], [35]. In this work, the growth parameters were optimised
for dilute alloy fractions and were fixed for all growth campaigns which resulted in
non-ideal growth conditions for alloys with x > 0.15, as evidenced by the onset of
phase separation in these samples. This is believed to be in large part due to the

growth temperature which was too high for these alloys. While maintenance of the
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same growth conditions felt important to obtain a fair comparison between different
epitaxial layers, a lower growth temperature might be beneficial for samples with

alloy fractions greater than 15%.

5.5 Optical characteristics

5.5.1 Absorption coefficient

Transmission analysis

Absorption coefficient of the InGaAsSb layers was calculated from the transmission
data taken with the FTIR spectrometer, as described in section The
measurement was taken on a single ~ 13 mm? spot from the centre of each 1/4 27
sample. Given the size of the spot, a single measurement would give a representative
transmission spectrum even in samples with observed phase separation. Repeating
the measurement on different points on the sample resulted in very slight variations,
i.e the samples were highly uniform. An example of the transmission spectrum of a
p-i-n sample and the GaSb substrate is shown in figure [5.5]

Transmission through the multi-layer structure can be understood with reference to
figure [5.6,, where the p, i, and n layers are treated as a single InGaAsSb layer.

Transmission through the InGaAsSb layer, T5, is then given by:

TSCL’ITL e
ol (5.1)

T5 = TnGaassy = T
3T

where Tyqmpie is directly measured with the F'TIR spectrometer, and 7 and T3 are
transmission through the GaSb substrate and cap, respectively, and are given by
equation 2.2 Since Ry = Ry = R and Ry = R3 =~ 0, the final expressions for the

transmission through the substrate and cap can be simplified to:

T — (1 — R)exp(_aGaSbtsubs)
T - Rexp(—2a¢asptsubs)

(5.2)
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Figure 5.5: Transmission spectra of the XK1779 sample and the GaSb substrate
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Figure 5.6: Diagram of the transmission and reflection through the p-i-n structure.

To — (1 - R)exp(_aGaSbtcap)
3

= 9.3
1-— Rexp(—2aga5btcap) ( )

where R is given by |ngass — 112/|ngass + 1]2. The wavelength-dependent refractive

index of GaSb is taken from literature|78|, [172]. Transmission through the
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InGaAsSb layer is also given by equation [2.3] However, in this case reflection at the
GaSh-InGaAsSh interface is approximately zero due to their very similar refractive

indices[42], allowing us to simplify the equation to:

TInGaAsSb = eXp(_alnGaAsSbtlnGaASSb) (54)

Finally, by combining equations and and solving for «, we obtain the

expression for the absorption coefficient of the InGaAsSb layer:

o= %m( L1l ) (5.5)

Tsampl e

where t is the thickness of the InGaAsSb layer.

The absorption coefficient of the GaSb substrate can be calculated from
the transmission data of the substrate alone, which is given by equation [2.3]
Transmission is measured on a piece of the substrate wafer. Since the reflection at
the front and back surfaces is non-negligible in this case, the absorption coefficient

of the GaSb substrate is given by the slightly more involved expression:

| 1
AGash = ——1In (ARTZ,, + (~R* +2R—1)? + R —2R+ 1))  (5.6)
2fsubs 2Tsubs

Similarly, the absorption coefficient of the epitaxial GaSb, was calculated from
the transmission data of the thick 5 um GaSb sample grown on GaAs, shown in
figure as a function of wavelength, and as a function of energy. Prior to
measurement being taken the sample was treated with an HF solution to remove
the unintentional material deposit from the back surface of the sample that was
introduced during growth.

It is evident that the above bandgap absorption (for A >~ 1.7um in figure ,
and E, <~ 0.73 eV in figure is affected by the interference fringes caused
by the relatively large difference in refractive indices between GaAs and GaSh.
Therefore, in order to appropriately analyse the transmission data, a consideration

of the phase angle difference between the reflected and transmitted light at the
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Figure 5.7: (a) Transmission against wavelength of the thick GaSb on GaAs sample.
(b) Cosine of the phase angle, ¢, as a function of photon energy superimposed onto

the raw transmission data.

GaAs-GaSb interface needs to be made. Transmission through the structure in this

case can be understood with reference to figure [5.8]
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Figure 5.8: Diagram of the transmission and reflection through the GaSbh sample.

In this case, transmission through the GaSb layer is given by:

T2 = TGaSb = Tsample/TGaAs (57)

where T,4s is transmission through the GaAs substrate. Since absorption in the

GaAs substrate is negligible (agqas = 0), and the interference effects can be ignored
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due to the thickness of the substrate which is much greater than the wavelengths of

interest (tgqas >> A), then the transmission through the GaAs layer is given by:

(1—=Ry)(1 — Ry)
1—RiRy

where R; and R, are the reflectivities at the GaAs-air and GaAs-GaSb interfaces,

Tcans = (5.8)

respectively, given by:

o ’nGaAs - nair|2

R, =
‘nG’aAs + nair|2

(5.9)

o |nGaSb - nGaAs|2
|2

Ry (5.10)

INGash + NGaas

The wavelength-dependent refractive index of GaAs is taken from literature[173].

Transmission through the GaSb layer alone is also given by equation [2.5] such that

(1 = Ry)(1 — Rs)exp(—agasptcass)
1 — 2v/ Ry Rzexp(—agasstcasy)cos(¢) + ReRzexp(—2agasitcasy)

TGasy = (5.11)

where Rj is the reflectivity at the GaSb-air interface, and ¢ is the phase
angle between the transmitted and reflected light given by 4mngesstcass/A. By
substituting equation [5.11] into equation and solving for ag.sy, we obtain the

final expression for the absorption coefficient of GaSb:

1

1
= ] —4 T2 12
(eiast tGaso " (2Tsample (\/a R2R3 sample - b)) (5 )

where the a and b coefficients are given by:

a = (_2 RQRSTsampleCOS((b) + RQTGaAs - RQRSTGaAs + R3TGaAs - TGaAs>2 (513)

b =2 R2R3Tsamplecos<¢) - RQTGaAs + RQRSTGaAs - R3TGaAs + TGaAs (514)

Figure [5.7h| shows excellent agreements between the calculated phase angle and the

interference fringes observed in the measured data.
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5.5. Optical characteristics

As previously mentioned, three out of the five InGaAsSb single layers were grown
on single side polished GaAs substrates, as indicated by the asterisk in table [5.2]
Unfortunately, it was not possible to perform transmission measurements on such
samples due to the roughness of the back surface which diffused the incident light.
Hence the absorption coefficient of these samples was not calculated. Moreover, the
transmission through the remaining two InGaAsSb samples grown on double side
polished GaAs substrates could not be appropriately analysed due to their three-
layer structure with different reflectivities from the front and back surfaces. This
rendered the above model inapplicable, i.e. the interference fringes could not be
removed from the measured spectra and a different model needs to be employed or
developed, which was not attempted in this work due to time constraints. Hence

only the absorption coefficient of the InGaAsSb p-i-n samples will be presented.

Absorption coefficient data

The room temperature absorption coefficient data of In,Gaj;_ As,Sbi_y p-i-n
samples with 0.05 < x < 0.30 is presented in figure [5.9a] As mentioned previously,
due to the absorption tail of the GaSh substrate, the data above 0.65 eV is excluded

from analysis.

All samples exhibit a sharp onset of absorption at the bandgap energy followed by a
slow continuous increase towards higher photon energies. Likewise, the absorption
increases in alloys with a narrower bandgap and a higher In fraction as expected,
up to the sample with x = 0.26 which measured the highest absorption coefficient of
8500 cm ™! at 2.2 um. Interestingly, the absorption coefficient of the sample with the
highest In fraction of x = 0.30 is slightly lower, which might indicate a beginning of a
downward trend in absorption with even higher In fractions in the alloy. However, it
might also be a reflection of the below-average material quality in this sample caused
by a higher degree of lattice mismatch present and even more so, the presence of
phase separation clearly noted in XRD data. If growth conditions were optimised

for this alloy, one might observe a decrease in phase separation and a commensurate
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Figure 5.9: (a) Room temperature absorption coefficient of In,Gaj;_xAs,Sb;_y
samples with 0.05 < x < 0.30 on a log-linear scale. (b) Room temperature

absorption coefficient of GaSb measured in this work compared to literature.

increase in absorption.

Figure [5.9b|shows the room temperature absorption coefficient data of the GaSb
sample measured in this work compared to experimental data found in literature.
The absorption coefficient of epitaxial GaSb increases up to ~ 10* cm™'. Our data
is in excellent agreement with that of Wasiak et al.[174] who developed a more

advanced model of calculating absorption of a thin film.

The slight deviation of the absorption edge from the expected straight line visible on
the log-linear scale might be a result of under- or overcorrection of the interference
effects in this lower energy region, or a consequence of any mismatch between the
modelled phase angle and the measured one; even a slight difference between the
two can cause a noticeable shift in the absorption edge. A similar deviation is seen
in data from Ghezzi et al.[175] who similarly measured the absorption in GaSb with
infrared spectroscopy, but did not attempt any correction of the interference effects,
and data from Wasiak et al.[174], though on a much smaller scale. This deviation
from a straight line might just be a reflection of the Urbach tail, i.e. broadening of

the absorption edge due to alloy disorder, as described in section [2.1.1]
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5.5. Optical characteristics

Figure [5.10| shows the experimental absorption coefficient data of various binary
and ternary III-V alloys as well as quaternary InGaAsSbh alloys grown by various
techniques available in literature, alongside GaSb and InGaAsSb data measured in

this work.
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Figure 5.10: Experimental absorption coefficient data of binaries InSb|176],

InAs[177], and GaSb[174], ternary Ing 53Gag 47 As[178], and quaternary Ing 2 GaAsSh
(MBE)[99], Ingi6;GaAsSb (LPE)[118], Ing1GaAsSb (OMVPE)[42], and
Ing15GaAsSh (OMVPE)[124] taken from literature. IngoGaAsSb, IngosGaAsSh,

and GaSb measured in this work are also shown.

The absorption coefficient measured in this work is in very good agreement with
previously reported data. Some discrepancy in the cutoff energies of alloys with
the same reported In fraction is notable, although this is most likely a reflection of
the difficulties in determining the exact alloy composition of such quaternary alloys.

Furthermore, any disorder in the alloy will lead to a broadening of the absorption
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edge, making the determination of the precise cutoff energy more challenging.

5.5.2 Urbach energy

All samples exhibit an exponential dependence on energy in the region below the
absorption edge, consistent with the Urbach energy relation given by equation [2.7
The experimental absorption coefficient data was fit to this equation in order to
extract the value of the Urbach energy, Fy, which is indicative of the material
quality. Likewise, the above bandgap absorption was fit to equation [2.6in order to

extract the value of the exponent, n. Figures [5.11a] and [5.11b] show the Urbach tail

and absorption edge fits for the InyGa;_As,Sb,_y and GaSb samples, respectively.
The extracted Urbach energies are presented in figure [5.12al
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Figure 5.11: Urbach tail and absorption edge fits for (a) InyGaj_xAs,Sb;_, samples
with 0.05 < x < 0.30, and (b) GaSb.

The Urbach energy of GaSb was measured to be 5 meV, similar to a previously
reported value of 2.68 meV for epitaxially grown GaSb[174]. Other reports for the
GaSb Urbach energy are estimated from thick GaSb substrates, and are usually in
the range of 12-15 meV[49], |[179]. A similar value of 12 meV was measured for a
GaSb substrate in this work, suggesting that epitaxially grown GaSb is of higher

crystallinity and as such exhibits lower Urbach energies.
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Figure 5.12: The variation of (a) Urbach energy, and (b) the exponent, n, with In

fraction in the alloy.

InGaAsSb alloys with x < 0.15 similarly exhibit low Urbach energies in the range
5-8 meV, with an initial decrease towards the lowest energy of 5.4 meV measured
in the sample with x=0.10, followed by an increase towards higher alloy fractions.
The highest Urbach energy of 12.1 meV is measured in the sample with x=0.26,
before slightly reducing to 11.18 meV in the sample with the highest In fraction of
x=0.30. This unexpected decrease is most likely a result of the difficulty in fitting
the absorption tail region with an exponential dependence for the two highest In
fraction alloys. In fact, different regions of the absorption tails can be fit with
different Urbach energies. This deviation from a simple exponential dependence is
believed to be a direct consequence of the phase separation noted in the two samples.

As the alloy decomposes into GaAs- and InSb-rich quaternary phases, so does the

absorption tail decompose into regions with various gradients.

Figure shows the variation of the exponent, n, extracted from the fit of the
experimental absorption coefficient data to the expression a(hv) = A(hv — E,)™.
While all InGaAsSb samples can be said to have an approximately square root
dependence on energy (n & 1/2) consistent with a direct gap material, the poorest

fit is achieved in the GaSb sample, with a value of ~ 1/4. This failure to fit the
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absorption coefficient of GaSb with a square root dependence on energy for hv > E,
was already noted in literature, leading to a development of alternate models|174],
[175]. InGaAsSb samples in general provide a better fit to the above expression,

with a near perfect square root dependence seen in samples with x> 0.15.

5.5.3 Bandgap energy

The bandgap energy was extracted from the absorption coefficient data via several
different approaches. The most common method involves linearly fitting the
absorption edge on an o? vs hv graph and extrapolating to a = 0[123], [175],
[177], [179]. The bandgap energy can also be defined as the energy at which the first
derivative of the absorption coefficient reaches a maximum, as this corresponds to

the onset of band-to-band absorption[49]. An example of the two methods is given

in figure [5.13]
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Figure 5.13: An example of the two graphical methods for extracting the bandgap

energy from absorption coefficient data for the Ing;GaAsSb sample.

108



5.5. Optical characteristics

Furthermore, the bandgap energy can be extracted by fitting the expressions
and to the experimental absorption coefficient data and finding the value of
the bandgap energy, E,, that provides the best fit. All four methods were used to
ascertain the value of the bandgap energy for each sample. Figure shows the
mean value of the bandgap energy and the standard deviation as the error. On the
graph are also shown the interpolation methods provided by Vurgaftman et al.[100]
and Moon et al.|114]
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Figure 5.14: Variation of the bandgap energy with In fraction in the alloy. The two
solid lines correspond to interpolation methods from Vurgaftman et al.[100] with a
bowing parameter of 0.75 eV, and Moon et al.[114]. The same interpolation method
from Vurgaftman applied to our data with a higher bowing parameter of 0.92 eV is

represented by the dashed line.

GaSb measures a bandgap energy of 0.722 eV, which is slightly lower than typical
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values reported in literature, between 0.724-0.727 eV[20], [97], [100], [118], [175],
[180]. However, our value is in very good agreement with that reported by
Wasiak[174], who measured a bandgap energy of 0.7228 eV. As expected, the
bandgap reduces with the introduction of In and As to the alloy, with the lowest
value of 0.422 eV measured in the sample with x=0.30. This reduction is non-linear
with an observed downward bowing in agreement with previous literature. While the
interpolation given by Vurgaftman (equation is generally considered to provide
the best fit to experimental data, we find that the suggested bowing parameter
of 0.75 eV underestimates the bowing observed in our data. This is unsurprising
since this value was obtained by averaging all of the bowing parameters reported
in literature at the time, and therefore is not representative of the actual trend.
One could argue that any discrepancy between the Vurgaftman interpolation and
our data is a result of an uncertainty in the growth rates which would affect the
compositional calibration. However, as mentioned previously, the group III growth
rates are extremely stable and do not diverge by more than 5% over extended
growth campaigns, which leads to a variation in the In fraction of less than 1%.
Furthermore, while the presence of any lattice mismatch or phase separation also
affects the bandgap energy, this was only significant in the alloys around the onset
of the miscibility gap. While an improved fit to our data can be achieved by using a
higher value of the bowing parameter of 0.92 eV, a superior agreement is seen with
the interpolation method given by Moon. Interestingly, this method was historically
found to overestimate the bowing, particularly in alloys with higher In fractions[41],
[44], [97]. Nevertheless, our data shows excellent agreement with this interpolation

method.

5.6 Conclusion

To summarise, several homojunction In,GaAsSb p-i-n photodiodes and transmission

layers with 0 < x < 0.3 have been grown via MBE. The XRD measurements showed
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well defined and narrow epilayer peaks indicating a uniform, high-quality crystal
growth in In,Ga;_AsySb;_y p-i-n samples with 0 < x < 0.15. Samples with 0.15 <
x < 0.3 exhibited a general broadening of XRD peaks and even decomposition
into multiple peaks despite their mismatch never exceeding 150 arcseconds. This is
believed to be a result of phase separation caused by a growth temperature that was
too high for alloys that approach the onset of the miscibility limit. A lower growth
temperature should limit this decomposition of the alloy into GaAs- and InSb-rich

phases by limiting surface restructuring.

The room temperature absorption coefficient of In,GaAsSb p-i-n samples,
calculated from transmission data taken with the FTIR spectrometer, increased
in alloys with a narrower bandgap and a higher In fraction as expected, up to the
sample with x = 0.26 which measured the highest absorption coefficient of 8500

Lat 2.2 pm. Additionally, all samples exhibited a sharp onset of absorption at

cm”
the bandgap energy followed by a slow continuous increase towards higher photon
energies. The absorption coefficient of GaSb, measured on a 5 um thick GaSb layer
epitaxially grown on a semi-insulating GaAs substrate, increased up to ~ 10* cm™!,

and is in excellent agreement with previous reports|174], [175].

An exponential dependence of the absorption coefficient on photon energy was
noted in all samples in the region below the absorption edge. This absorption is
believed to be due to lattice disorder typically caused by impurities or alloying.
The Urbach energy which represents this absorption tail was found to be 5 meV
in epitaxial GaSb. A higher value of 12 meV was measured for a GaSb substrate,
suggesting that epitaxially grown GaSb is of higher crystallinity. InGaAsSb alloys
with x < 0.15 similarly exhibited low Urbach energies in the range 5-8 meV. Alloys
with x > 0.15 measured higher Urbach energies, up to ~ 12 meV. Additionally, the
absorption tails of these alloys were shown to deviate from the simple exponential

dependence, most likely due to the phase separation noted in these samples.

Finally, the bandgap energy, extracted from the absorption coefficient data, was

found to decrease from 0.722 eV measured in GaSb, to 0.422 eV measured in the
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sample with the highest In fraction of 30%. A downward bowing of the bandgap with
energy consistent with literature was also noted. Interestingly, we found that this
bowing was best described the less known interpolation method provided by Moon
et al.[114], rather than the widely used method given by Vurgaftman et al.[100],

which was found to underestimate the bowing in our data.
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The following chapter presents the results of electrical characterisation carried
out on p-i-n photodiodes, with a focus on leakage currents, background doping
concentrations, and quantum efficiency. The detector performance is finally

summarised with the calculation of specific detectivity.

6.1 Electrical characteristics

6.1.1 Current-voltage characteristics

Figures [6.14a] show the room temperature voltage dependent current densities
of In,Gay_xAsySb;_y p-i-n photodiodes with 0 < x < 0.3 on a log-linear scale.
Measurements were performed on various device sizes with mesa diameters ranging
between 100 and 800 pum. Samples with x = 0, 0.043, 0.2, and 0.3 have been
additionally passivated with SU-8 resist, as described in section [£.3.5] Dark current
densities of both unpassivated and passivated samples are presented on the graphs.
All samples exhibit the expected diode current-voltage relationship that can
generally be described by an exponential increase in current with forward bias,
and a much slower increase/plateauing of current with reverse bias. The passivated
samples do exhibit slightly improved IV characteristics visible in both overall lower

dark current density, as well as a slower increase in leakage current with reverse bias.
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Figure 6.1: Current density against voltage for In,GaAsSb samples with (a) x = 0,
(b) x =0.043, (¢) x =0.1, (d) x = 0.15, (e) x = 0.20, (f) x = 0.26, and (g) x = 0.30.
(h) Current density against voltage of all unpassivated samples taken from 800 pm

device mesas.

Figure [6.1h] shows the room temperature voltage dependent current densities for all
unpassivated samples, measured on 800 pum devices. Evidently, the dark current of
all samples increases with reverse bias instead of plateauing at the reverse saturation
current. This is due to either the generation of carriers within the depletion region,
surface effects, or a combination of the two. Further analysis is needed to confirm
the dominant leakage mechanism. Furthermore, the diode current of all samples is
affected by both shunt and series resistance to a varying degree, the effects of which
can be seen in forward bias at very low current levels where the shunt resistance
dominates, and highest current levels where the Ohmic losses lead to a voltage drop
and a slower, no longer exponential increase in current. This dependence of current
on voltage in forward bias is described by the equation [2.14] where the total diode
current is represented by the sum of the independent current contributions. The
above expression was fit to the experimental forward IV data of 800 pm devices in
order to extract the values of the reverse saturation current, ideality factor, series

resistance, and shunt resistance. This was achieved by varying the above parameters
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until a good fit to experimental data was reached. The tunneling current was
assumed to have a negligible contribution for this voltage range and doping levels.
Figure shows an example of the forward IV fit on the sample with x=0.15, with
the relevant regions highlighted. Note that all of the values presented henceforth
were not averaged over multiple devices, but are rather extracted from the best
devices measured on each sample in order to accurately present the potential of this

material system.
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Figure 6.2: (a) An example of the IV fit in forward bias for the Ing;5GaAsSb
sample. Y-intercept corresponds to the reverse saturation current. The ideality
factor is extracted from the slope of the exponential region. (b) The variation of

ideality factor with indium fraction in the alloy.

Figure [6.2b] shows the variation of the ideality factor with In fraction in the alloy.
The GaSb photodiode fits with the highest ideality factor of 1.67, which indicates
that unfavourable generation-recombination currents are dominant in the 0-0.5 V
region. The ideality factor initially improves with the addition of In and As to
the alloy, with the lowest value of n ~ 1.2 reached in samples with x = 0.10, and
0.15, before increasing towards even higher In fractions in the alloy. This suggests
that the favourable diffusion current dominates in In,GaAsSb photodiodes with

0 < x <0.20. The generation-recombination currents become significant once again
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in photodiodes with the highest In fractions of x = 0.26, and 0.30, which measure
an ideality factor of 1.5 and 1.6, respectively.

Typically, in a wider bandgap material direct band-to-band generation-recombination
of carriers within the depletion region is negligible, and instead SRH generation-
recombination dominates. This is believed to be the main cause of such a
high ideality factor in GaSb which is known to suffer from a high native defect
concentration caused by the creation of Gag, antisites during growth[74], [80].
While low In fraction quaternaries have a similar bandgap, they measure a lower
ideality factor, suggesting there are fewer defect induced trap states within the
bandgap compared to GaSb. The increase in the ideality factor with higher In
fractions in the alloy could be a direct result of the bandgap narrowing which would
increase SRH generation-recombination, and potentially enable direct band-to-band
generation-recombination. However, it might also point to an increase in defect
density, particularly in the alloy with the highest In fraction of 30% which exhibited

clear signs of phase separation.

Figure shows the variation in shunt resistance with In fraction in the
alloy extrapolated from the forward IV fit. Shunt resistance initially increased
significantly from 2.2 k2 in GaSb to 40 k2 in Inggs3GaAsSb, before gradually
reducing down to 2.5 k) in Ing30GaAsSb. Prineas et al.[69] similarly measured

45 k€ in an Ing90GaAsSb p-n diode.

The higher the surface leakage the lower the shunt resistance, as more current
is allowed to flow via the additional conduction paths while bypassing the bulk
junction. Unsurprisingly, GaSb measured one of the lowest shunt resistances due
to the high density of surface states. It has been shown that the GaSb surface is
extremely reactive such that exposure to air results in the spontaneous creation of
metallic Sb which contaminates the mesa sidewalls and leads to ohmic leakage by
creating additional conduction paths parallel to the surface according to equations
and [3.2]69], [89], [90]. This process is believed to be taking place in other
Sb-based detectors including InGaAsSb. If that is the case, one would expect a
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Figure 6.3: Shunt resistance variation with In fraction.

decrease in surface leakage and a commensurate increase in shunt resistance with
increasing In fractions in the alloy as we move away from the GaSb-like surface
(higher In and As fractions require less Ga and Sb, this would translate to less
GaSb on the surface as well). Interestingly, the lowest surface leakage was noted in
the sample with the lowest In fraction of 4.3%), while increasing In fractions resulted
in a continuous increase in surface leakage. This would indicate that other surface
leakage mechanisms are present in the InGaAsSb alloy. Indeed, others have noted
that the dominant leakage mechanism is in fact generation-recombination at the
surface|31] rather than ohmic leakage caused by a build-up of oxides. However, it
was noted by Prineas et al.[69] that while the freshly etched InGaAsSb photodiodes
were limited by surface generation-recombination currents, over time ohmic leakage
becomes dominant due to a build-up of oxides at the mesa sidewalls. Note that

the samples presented in this work were grown, fabricated, and characterised over
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several different campaigns of varying durations. This might have influenced the
observed trend since the time between each of the phases also varied across different

campaigns.

On the other hand, not all samples could be fit with series resistance in forward
bias, indicating that either this resistance is non-ohmic, or some other processes
are taking place. A more advanced current model needs to be employed to identify
dominant mechanisms under forward bias. All samples employ top p-GaSb and
bottom n-GaSb contact layers. Although n-GaSb is known to be a poor contact,
the back surface of the sample is used as a common contact to maximise its area
and mitigate this potential issue. GaSb and Ing g3 measured a very low ohmic series
resistance of 7 and 5 2, respectively, while Ing 15GaAsSb measured a much higher
ohmic series resistance of 190 2. Evidently, it is possible to create good ohmic
contacts with the InGaAsSb alloy system, however, repeatability was not achieved

with the current processing flow.

Figure[6.4)shows the compositional variation of the measured current density at -
100 mV, and the reverse saturation current density extracted from the forward IV fit.
The latter gives an indication of the bulk-limited leakage excluding surface effects.
The measured current density initially reduced significantly, from 7.03 mA /cm?
measured in GaSb, to the lowest value of 0.36 mA/cm? measured in In,GaAsSh
with the lowest In fraction of 0.043. This initial reduction was followed by a gradual
increase towards higher In fractions, up to ~ 11 mA/cm? measured in samples
with x = 0.26, and 0.3. While the reverse saturation current density extrapolated
from the forward IV fit follows a similar trend, it is 10-30 times lower than the
measured current density, which agrees with the suggestion that surface effects have

an important role in overall leakage.

In addition to high surface leakage, the aforementioned high native defect concen-
tration noted in GaSb also leads to its high bulk leakage. While the improvement in
the overall dark current density of InGaAsSb compared to GaSb could be attributed

to its lower surface leakage, it is possible that introducing In and As to the

119



Chapter 6. Results 11

T 1 1 1
< 10 u [ ] .
e ; L]
o n
2 — - -
E n 7
~—" 7
> 7
D 1k [ 7 A i
C 7 .
(0] s
© 7
= - e A A
9 7
5 A L * [nGa Assb,,
© o1t o7 ®  Measured at -100mV| -
F v A Forward IV fit ]
& — — Theoretical, n=2
------- Theoretical, n=1.36
1 " 1 " 1 " 1
0 0.1 0.2 0.3

Figure 6.4: The variation of measured and fitted current density with In fraction in
the alloy. The dashed and dotted lines indicate the theoretical bandgap dependence
of current density, relative to the 4.3% indium sample assuming n = 2 and 1.36,

respectively.

alloy has a positive effect on the native defect concentration, i.e. it is reduced,
which would explain the initially much lower measured current density, and the
noted improvement in the ideality factor. While the current density does increase
with increasing In fractions in the alloy, the commensurate bandgap reduction will
naturally lead to a higher bulk leakage current. The expected increase in current
density as a result of the bandgap reduction alone in the SRH-limited case can be

estimated through the equation[181], [182]:

Jo = Aexp(—E,/nkT) (6.1)
where A is a constant obtained from fitting the above equation to experimental data.
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This dependence of reverse saturation current density on the bandgap is indicated
by the dashed and dotted lines relative to the 4.3% In sample, assuming n = 2 and
1.36, respectively. Evidently, the noted increase in dark current density is indeed
primarily a result of the bandgap narrowing. Typical current density values for bulk
InGaAsSb photodetectors reported in the literature range approximately from 0.3
to 250 mA /cm?. The values reported in this work are amongst the lowest. However,
given the significance of surface effects, we can’t have full confidence they represent
the bulk limit for this alloy.

As mentioned previously, dark current flowing through a reverse biased photodi-
ode can be described by equation [2.15/as a sum of bulk and surface leakage currents,
where the total leakage current density is expected to increase with increasing P/A
ratio if the device is limited by surface currents. In order to identify the dominant
leakage current component in our photodiodes it is necessary to investigate the
change in the dark current density with increasing or decreasing device dimensions.

Figure shows the variation in current density measured at -100 mV with P/A

ratio for all unpassivated samples.
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Figure 6.5: Measured current density at -100 mV against P/A ratio for (a)
unpassivated, and (b) SU-8 passivated samples.

Current density was found to increase with decreasing device dimensions in all but

121



Chapter 6. Results 11

one sample, which confirms that surface currents are indeed the dominant source of
leakage in our InGaAsSb photodiodes. This is in agreement with previous reports on
leakage mechanisms in InGaAsSb photodiodes. Bhagwat et al.[31] similarly observed
an increase in leakage current density with P/A ratio in Ing13GaAsSb photodiodes,
while Prineas et al.|[69] attributed this surface leakage to generation-recombination

at the exposed mesa sidewalls.

The leakage current density increases with P/A ratio even in the passivated
samples, though to a lesser degree as can be seen from the graph in figure
6.5b] suggesting that surface currents are still the dominant leakage mechanism
and further development of passivation/encapsulation is needed to minimise their
influence. While the sample with the highest In fraction of 30% does not show
a clear trend in current density with P/A ratio, this is believed to be due to the
aforementioned poor material homogeneity caused by the phase separation noted in
this sample. In this case, bulk currents caused by the material defects are comparable

to surface currents.

Similarly, the inverse dynamic resistance-area product (1/RjA) is expected
to increase with decreasing device dimensions in samples dominated by surface
currents[31], [69] according to equation .16 Figure shows the variation of
the dynamic resistance area product with In fraction at 0 and -100 mV for 800 pm

devices.

A familiar trend can be seen, in which GaSb measures a very low dynamic resistance
area product at both 0 and -100 mV, of 13 and 14 Qcm?, respectively. A significant
improvement is seen in InGaAsSb samples with low In fractions, with the highest
R4A of 194 and 416 Qcm? measured in the 4.3% In sample at 0 and -100 mV,
respectively. The RjA product gradually decreases with increasing In fractions,
down to ~ 10 Qcm? measured in samples with 26 and 30% In. This is the expected
trend since the dynamic resistance is defined by leakage and as such mirrors the
trend seen in dark current density. Typical RoA values reported in literature

for InGaAsSb-based photodetectors are between 1 and 150 Qcm?[61], [69], [88],
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Figure 6.6: (a) Variation in the dynamic resistance area product with In fraction.

(b) 1/R4A product against P/A ratio for In,GaAsSb samples with 0 < x < 0.30.

[130], [134], [139], [140], with one of the highest values of 260 Qcm? measured in a
passivated Ing1sGaAsSb p-i-n photodiode[135].

More importantly, the 1/R4A product increases with increasing P /A ratio in all
but the 30% In sample, as evident from the graph in figure [6.6b] further supporting
the fact that surface currents are indeed the dominant source of leakage in the
InGaAsSb photodiodes. The quadratic dependence of 1/R4A on P /A ratio predicted
by equations [2.16[ and for a surface dominated device can be seen in the sample
with the lowest In fraction of 4.3%, as evident from the inset in figure [6.6b] The
upper limit of the dynamic resistance at 0 V extrapolated from the x-axis intercept
at P/A = 0 is 6098 . However, the majority of samples cannot be satisfactorily
fit with a quadratic dependence. This is most likely due to the variation in surface
leakage between different devices of the same size making it difficult to ascertain
a particular trend. The 4.3% In sample exhibits the most consistent performance

across different devices allowing us to extrapolate from the quadratic dependence.

Figure|6.7]shows the voltage dependent leakage current densities measured in our
GaSb and InGaAsSb photodiodes with In fractions of 4.3, 10, and 20%, compared to

a commercially available extended InGaAs photodetector with a cutoff wavelength
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Figure 6.7: Reverse current density against voltage measured in In,Ga;_,As,Sb;_y
photodiodes with x = 0, 0.043, 0.1, and 0.2, compared to an extended InGaAs
detector from Hamamatsu ||

similar to our 20% device of 2.6 ,um. The unpassivated InGaAsSb photodiode
with the lowest In fraction of 4.3% measures a current density of 0.36 mA /cm? at
-100 mV, comparable to the extended InGaAs detector which measures a current
density of 0.4 mA/cm?. Although the photodiodes with higher In fractions in the
alloy measure higher leakage current densities, they are far from the optimisation
level reached in the InGaAs detector. Moreover, Dashiell et al.[23] reported an order
of magnitude lower dark current density of 0.052 mA/cm? in an InGaAsSb TPV
with a cutoff wavelength of 2.5 um, highlighting the potential of InGaAsSb-based
photodiodes to outperform extended-InGaAs detectors in the e-SWIR range.

In conclusion, our findings agree with the pre-existing reports on leakage

mechanisms in InGaAsSb photodiodes, which identify surface currents as the leading
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source of leakage in such devices. We have found this to be the case across all p-i-n
samples with In fractions between 0 and 30%. Hence the prevalence of surface
currents appear to be independent of the In fraction in the alloy. Therefore,
development of passivation technologies is key in optimising device performance

and approaching the true bulk-limited case.

6.1.2 Unintentional intrinsic doping

Although the intrinsic InGaAsSb region is nominally undoped, the presence of
unintentional dopants was confirmed through CV measurements. The background
doping levels are caused by either impurities unintentionally introduced during
growth, or native defects that stem from growth dynamics. In either case, the
doping concentration will define how quickly the junction depletes with reverse bias.
Higher doping levels in the intrinsic region require higher reverse voltages to deplete
the junction of charges. Thus by measuring the capacitance in the diodes under
reverse bias one can obtain information about the doping levels in the absorbing
region.

The exact unintentional doping concentration of the intrinsic region was
extracted by fitting the experimental CV data to a depletion model described in
section [£.4.5] The doping levels of the p, i, and n regions were varied until a
good fit to experimental data was achieved. Figure shows the variation of the
unintentional intrinsic doping concentration with In fraction in the alloy, extracted
from the fit. The inset in the figure shows an example of the CV fit for the sample
with 30% In.

GaSb measured the highest background doping concentration of 2.7 x 10 cm ™3,
which is significantly lower than typical unintentional doping levels reported in
GaSb, usually between 10'¢ — 10'7 em™3. It is well-established that such a high
(always p-type) background doping concentration found in GaSb stems from Gagy
antisites, which are native defects introduced during growth|20], [46], [76]. This is
most likely caused by the poor surface mobility of Sb atoms which tend to aggregate
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Figure 6.8: The intrinsic unintentional doping concentration as a function of In
fraction in the alloy for In,Ga;_<As,Sb;_y layers with 0 < x < 0.30. Note that the
sample with x = 0.15 could not be satisfactory fit and is not presented on the graph.
The inset shows an example of the CV fit for the sample with x = 0.30.

together during growth leading to Sb vacancies, which are then easily occupied by Ga
atoms[81]. We believe that the much lower residual doping concentration measured
in this work is a direct result of a careful moderation of excess Sb flux, which has
been reported to play an important role in GaSb growth dynamics|75]. Despite some
conflicting reports on the influence of the V/III ratio on the native defect density in
GaSb (refer to section , recent investigation carried out by our research group
did in fact conclude that a reduced V/III growth rate ratio gives the best material
quality, i.e the lowest native defect concentration|184].

Interestingly, the addition of In and As to the alloy significantly reduced the

3

background doping concentration. It initially dropped to 1 x 10'® cm™3 measured in
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3 measured in both

Ing.1 GaAsSb, followed by a more gradual reduction to 6 x 104 cm™
Ing26GaAsSh and Ing 30GaAsSb where the doping plateaued. There is insufficient
evidence to conclude that the native defect responsible for p-type conductivity
in GaSb is the same defect that causes a p-type background in InGaAsSb, and
that the introduction of In and As to the alloy has reduced or eliminated this
defect. However, if the main culprit for the creation of the dominant Gag, antisite
defects in GaSb is indeed the clustering of Sb atoms at the growing surface, it is
likely that this remains an issue in InGaAsSb as well, particularly in the dilute
alloys which are predominantly GaSb-like. Furthermore, InGaAsSb requires lower
growth temperatures than GaSb which might reduce the tendency of Sb atoms to
cluster together at the surface. Likewise, growing InGaAsSb layers with increasing
As fractions requires a reduction of the Sb flux in order to maintain the same
overall V/III ratio, which might also lead to a reduction in background doping.
Additionally, the introduction of In and As to the alloy most likely changed
the adatom surface dynamics leading to the formation of other complex defects
which could give rise to a compensatory unintentional n-type doping. Given the
improvement in current-voltage characteristics with the addition of In/As to the
alloy seen in both the reduction of leakage currents and an improvement in the
ideality factor, we conclude that the most likely explanation is a reduction of the
native defect. This decrease in background doping of InGaAsSb with increasing
In fractions was also noted by Lazzari et al.[46] in MBE-grown In,GaAsSb layers
with x = 0, 0.15, and 0.20. The authors similarly attributed this reduction to the

disappearance of the native defect found in GaSb.

Although the dopant type could not be inferred through CV measurements
alone, numerous reports|43|, [44], [46], [61], [88], [99], [128], [133]-[135], [137] on
the background doping in InGaAsSbh suggest it is p-type for alloy compositions with
In fractions between 15 and 30%. However, Rakovics et al.[118] observed a change
in the dopant type from n to p in In,GaAsSb layers with x > 0.10. Likewise,

typical doping concentrations measured in nominally undoped InGaAsSb layers are
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between 1 x 101 —5x 106 em™3[43], [44], [46], [61], [88], [99], [128], [133]-]135], [137]
- much higher than those reported in this work. Evidently, the lower background
doping concentration achieved in our epitaxial GaSb layers was carried through into

InGaAsSb due to a careful moderation of V/III growth rate ratios.

6.1.3 Quantum efficiency

Figure shows the room temperature voltage dependent external quantum
efficiency of GaSb and InGaAsSb photodiodes at 1.55 um, calculated through
equation from the measured current-voltage data. Figure shows an IV
example under dark and light conditions for an InGaAsSb diode with 4.3% In.
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Figure 6.9: (a) Current flowing through a biased Ing43GaAsSb photodiode under
dark and light conditions. (b) External quantum efficiency against voltage for
In,Ga;_xAsySb;_y photodiodes with 0 < x < 0.30. The inset shows an example

of the responsivity spectrum at zero bias for the sample with 4.3% In.

As expected, GaSb measured the lowest quantum efficiency of 48%, while the
InGaAsSb photodiode with the lowest In fraction of 4.3% measured a significantly
higher quantum efficiency of 65%. The quantum efficiency continued to increase
with increasing In fractions in the alloy, up to a maximum value of ~ 70% measured

in samples with 20 and 26% In, which is consistent with the measured increase in
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absorption coefficient in alloys with higher In fractions. Assuming 30% reflection
losses at the surface, these photodiodes have reached the theoretical limit for internal
quantum efficiency. The sample with the highest In fraction of 30% measured a
lower quantum efficiency of 67% which was only reached at a voltage of ~ —200
mV. At zero bias, this sample measured an EQE similar to the GaSb photodiode
of only 48%. The lower quantum efficiency is consistent with the lower absorption
coefficient measured in this sample. The quantum efficiency values reported in this
work are within the range of values typically reported for MBE-grown InGaAsSb
photodetectors with 0.10 < x < 0.30, between 60 and 70%][44], [131], [132], [139].

The responsivity of InGaAsSb devices was calculated from the measured quantum
efficiency through equation m, and was found to be between 0.81 A/W and 0.87
A/W at 1.55 ym and zero bias in samples with an In fraction of less than 30%. Since
responsivity is higher at wavelengths closer to the absorption edge, as can be seen
from the inset in figure which shows the wavelength-dependent responsivity of
the Ingp3GaAsSb photodiode, one can expect an increase in responsivity to ~ 1

A/W at ~ 2um.

Moreover, the quantum efficiency is independent of reverse bias in all but the samples
with the highest In fractions of 26 and 30%. This suggests that the minority carrier
diffusion length is greater than the active layer thickness (L, > 1 pm). This
is in agreement with previous reports on the minority carrier diffusion length in
InGaAsSbh-based photodetectors which was found to be between 10 and 12 pm[22],
[69], [125], [131]. Despite the mesa diameters exceeding the minority carrier diffusion
length, this is unlikely to prevent the collection of photogenerated carriers by the
external contacts. Collection of carriers is limited by the voltage drop required to
move charges from the centre of the big mesas to the contact within the p-type
cladding. This can become an issue if the light source is too focused or bright, but

steps were taken to ensure this limit is never reached.

The bias dependence seen in Ing 30GaAsSb is consistent with lower minority carrier

diffusion lengths most likely caused by a higher density of defects present in this
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alloy due to the aforementioned phase separation. Although the sample with 26%
In also exhibited a bias dependence, the quantum efficiency increased by only 2%

from zero bias to ~ —80 mV.

6.1.4 Specific detectivity

As the ultimate figure of merit that defines photodetector signal-to-noise perfor-
mance, room temperature specific detectivity was calculated through equation [2.28
from the dark current, RgA, and responsivity data at 1.55 um. Figure shows
the voltage dependence of specific detectivity for In,Ga;_yAs,Sb;_, photodiodes
with 0 < x <0.30.
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Figure 6.10: (a) Specific detectivity against voltage at 1.55 pum for GaSb and
InGaAsSb photodiodes. (b) Measured and bulk limited peak specific detectivities

and RgA product as a function of In fraction in the alloy.

The peak specific detectivity extracted from this data is presented in figure
against In fraction in the alloy. To demonstrate the potential of the InGaAsSb
alloy system, the specific detectivity was also calculated with the reverse saturation
current density extrapolated from forward bias as the upper limit of what could be
achieved in devices that are bulk rather than surface limited. The zero-bias dynamic

resistance-area product is also presented on the graph. GaSb measured one of the
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lowest peak specific detectivities of 1.53 x 10'° Jones at -10 mV. The highest peak
specific detectivity of 8.08 x 10'° Jones was measured in the sample with the lowest In
fraction of 4.3% at -10 mV, which is five times higher than the detectivity measured
in GaSb. The peak specific detectivity then gradually reduced with increasing In
fractions in the alloy, down to the lowest value of 1.43 x 10'° Jones measured in
Ing 30GaAsSb at -10mV. Since responsivity increases with wavelength according to
equation 2.27, a commensurate improvement in specific detectivity is expected at
longer wavelengths closer to the photodiodes’ cut-offs. Such improvement can be
seen from the graph in figure [6.11] where the specific detectivity increased from
3.7 x 10 Jones at 1.55 pum to 4.3 x 101° Jones at 2.02 ym in our Ing10GaAsSb p-i-n
photodiode.

The specific detectivity of all samples peaks at around zero bias before gradually
decreasing with higher voltages, indicating that it is dominated by leakage currents
which increase with increasing bias. Therefore, despite the improvement in both the
absorption coefficient and responsivity of the photodiodes with increasing In fraction
in the alloy, the specific detectivity decreases due to the worsening of the leakage
current. The specific detectivity calculated from the extrapolated reverse saturation
current density is up to two times higher than the measured one, with the highest
value of 1.55 x 10! Jones projected for the sample with the lowest In fraction of
4.3%, confirming there is still room for improvement through the minimisation of

surface leakage.

Typical specific detectivity values reported for InGaAsSb-based photodetectors
are between 3x 10% and 9x 10'° Jones|22|, [44], [61], [69], [88], [131], [132], [135], [139],
with one of the highest values of 9.4x10'° Jones measured in an an Ing ;4,GaAsSb pBn
photodetector|[140]. Furthermore, the non-optimised photodiodes reported in this
work measure a specific detectivity comparable to commercially available extended

InGaAs photodetectors with a 2.6 um cutoff (~ 6 x 10'° Jones)[185].

Figure[6.11|shows the measured wavelength dependent specific detectivity of our

Ing.10GaAsSh p-i-n photodiode calculated from its zero-bias spectral responsivity,
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Figure 6.11: Measured and bulk limited wavelength dependant specific detectivities

of our Ing;GaAsSb p-i-n photodiode compared to a commercially available InGaAs

photodetector with a 2.6 pum cutoff|185].
and the extrapolated specific detectivity assuming a bulk limited device. The specific

detectivity of Teledyne’s extended InGaAs photodetector|185| is also shown on the

graph for comparison.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The aim of this work was to investigate the quaternary InGaAsSb alloy as a
promising material system for applications in the SWIR spectral region across a
wide In fraction range from 4.3% to 30% in a single study. The main focus of
this work is the compositional variation of various material and InGaAsSh-based
device properties, with particular attention given to dilute alloys which are seldom
investigated in literature.

MBE growth of In,Ga;_4As,Sb;_y photodiodes with 0 < x < 0.30 lattice
matched to GaSb substrates was discussed in chapter 5] A detailed analysis of
the XRD spectra revealed epitaxial layers of good crystalline quality in samples
with x < 0.15. The samples exhibited well-lattice matched and narrow epilayer
peaks indicating good material uniformity. Growth of samples with x > 0.15
proved more challenging. XRD spectra showed a general broadening of epilayer
peaks and, in some cases, even a decomposition into multiple peaks which is
indicative of phase separation, i.e. the alloy forming with GaAs- and InSb-rich
quaternary regions. Optimising growth conditions for InGaAsSb layers with high
In fractions, i.e. employing lower growth temperatures, would likely result in

suppressed phase separation and successful growth of such alloys. Various optical
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properties of the InGaAsSb alloy were also investigated in this chapter. The
absorption coefficient of InGaAsSb layers was extracted from the FTIR transmission
data. All samples measured a relatively high absorption coefficient comparable to
other III-V semiconductor alloys with bandgaps in the e-SWIR spectral region.
Moreover, the absorption coefficient increased with increasing In fractions in the
alloy, up to 8500 cm~! measured in the sample with 26% In at 2.2 ym. The sample
with the highest In fraction of 30% measured a slightly lower absorption coefficient
which might either mark a beginning of a downward trend with even higher In
fractions in the alloy, or it might be a direct result of the phase separation noted
in this alloy. Moreover, Urbach energies between 5 and 12 meV were extracted
from the absorption data for GaSb and InGaAsSb layers, where one can note an
increase in Urbach energy with increasing In fractions in the alloy, consistent with
the broadening of the XRD spectra. The bandgap energies extracted from the
absorption data exhibit the expected reduction from 0.722 eV measured in GaSb
to 0.422 eV measured in Ing30GaAsSb. Interestingly, the downward bowing of the
bandgap fits better with the less common model proposed by Moon et al.[114], than
the much more widely used model proposed by Vurgaftman et al.[100], which was

found to underestimate the bowing observed in the experiment.

The compositional variation of various electrical properties of InGaAsSb-based
photodiodes were presented in chapter [6f Both the dark current density and
the dynamic resistance-area product initially improved significantly in dilute alloy
InGaAsSb diodes compared to the GaSb one. Dark current density reduced from
7.03 mA /em? in GaSb to 0.36 mA /cm? in Ing g43GaAsSb at -100 mV, while the RoA
product increased from 13 Qcm? in GaSb to 194 Qcm? in Ingg43GaAsSb. Further-
more, the unintentional doping concentration, analysed from the capacitance-voltage
data, decreased significantly with the introduction of In and As to the alloy, from
2.7 x 10 cm ™3 measured in GaSb to 6 x 10'* cm ™2 measured in InGaAsSb alloys
with 26 and 30% In. This is believed to be the lowest value ever reported for the

background carrier concentration in InGaAsSb layers which is typically between
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1 x 10% — 5 x 10'® cm™3. The above trends point to a reduction in the native
defect concentration known to be an issue in epitaxial GaSb. Fewer defect states in
the lattice lead to lower SRH generation-recombination rates which results in lower
bulk leakage currents, higher ideality factor, and lower background doping levels in
InGaAsSb diodes compared to the GaSb ones. Although the initial improvement in
leakage currents and RyA product was followed by their worsening with even higher
In fractions in the alloy, this was shown to be a direct consequence of the bandgap
narrowing in these alloys which naturally leads to an increase in SRH leakage.
Moreover, the investigation of the current density and 1/RpA product with changing
device dimensions revealed that all photodiodes are limited by surface leakage. While
the photodiodes passivated with SU-8 photoresist did exhibit lower dark current
densities, they were still dominated by surface leakage which highlights the need
for the development of alternate passivation techniques. All InGaAsSb photodiodes
exhibited an excellent external quantum efficiency between 65 and 70%, as measured
with a 1.55 pum laser and with no anti-reflection coating applied. A nearly perfect
EQE is expected with an AR coating, particularly at longer wavelengths closer to the
photodiodes’ cutoffs. The EQE also increased slightly with increasing In fractions
in the alloy. GaSb on the other hand measured a much lower quantum efficiency
of 48%. Moreover, the EQE was found to be largely independent of applied bias
suggesting that the minority carrier diffusion length is greater than the active region
thickness (> 1um). The EQE values correspond to responsivities between 0.81 and
0.87 A/W at 1.55 pum and zero bias, although a higher responsivity of ~ 1 A/W can

be expected at longer wavelengths closer to the absorption edge.

Finally, the detectors’ signal-to-noise performance was summarised with the
calculation of specific detectivity. Like the dark current density and the dynamic
resistance-area product, the specific detectivity improved significantly with the
introduction of In/As to the alloy, with a peak value of 8.08 x 10! Jones measured
in the photodiode with 4.3% In at -10 mV, while the GaSb photodiode measured a

peak specific detectivity of 1.53 x 10'° Jones at -10 mV. Even though the absorption
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coefficient and quantum efficiency continually increased with increasing In fractions
in the alloy, the worsening of the RgA product and leakage currents dominates
the overall detector performance, leading to a gradual reduction of the specific
detectivity in alloys with higher In fractions. The potential increase in specific
detectivity with the reduction of surface leakage was demonstrated through the
calculation of specific detectivity in the bulk-limited case as the upper limit for
what could be achieved with the material. Specific detectivity as high as 1.55 x 10!

Jones was shown possible in the alloy with 4.3% In.

7.2 Future Work

Future work should include temperature dependent measurements of current density
to shed light on the different current mechanisms, particularly Shockley-Read-
Hall generation and surface recombination which are believed to be important
contributions to leakage at room temperature in the devices characterised in this
work. The activation energy extracted from the appropriate Arrhenius plot (current
density against 1000/T) close to room temperature should correspond to roughly
half the bandgap in devices that are SRH limited. Surface limited devices on
the other hand are typically weakly temperature dependent[22]. Furthermore,
additional measurements need to be carried out to confirm the dopant type of the
unintentionally doped intrinsic regions, and investigate whether or not the dopant
type changes with In fraction in the alloy, which was suggested to be the case in a
different study|118]. One potential avenue of obtaining the dopant type is through
Hall measurements. However, this might not produce reliable results due to such
low doping levels reported in these samples, and a different measurement technique

might be preferable.

Although phase separation was observed through the broadening and decompo-
sition of XRD peaks, additional PL measurements could be performed to obtain

more information about the material quality. Sharp and bright PL emission peaks
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have been associated with good quality, uniform epitaxial growth, while spectral
broadening and lower PL intensities have been associated with alloy disorder and
phase separation. Therefore, the evolution of the PL spectra with increasing In
fractions in the alloy should closely follow the trend seen in XRD measurements.
Moreover, a direct measurement of the observed phase separation could be made
through transmission electron microscopy (TEM) in order to confirm the presence
as well as the extent of the phase separation. Additionally, time resolved PL
measurements could be performed to obtain the lifetime of minority carriers which
is related to the density of traps in the material; the PL emission intensity will
reduce quicker if more defects are present in the material as a result of the trapping

of photogenerated carriers.

While passivation has been attempted in this work on select samples, they
showed only marginal improvement. Therefore, a different passivation technique
should be employed or developed to combat the high surface leakage that limits
the performance of InGaAsSb devices. For example, surface treatment with an
aqueous solution containing sulfur has been shown very effective in limiting surface
recombination in InGaAsSb-based devices|[156], [157]. Sulfur treatment should be
followed by encapsulation in a dielectric such as SiO, to stabilize the surface and
limit ageing-induced degradation. This layer can also serve as an anti-reflection

coating which should improve the optical performance of the devices.

InGaAsSb photodetectors with dark current densities and specific detectivities
comparable to commercially available extended InGaAs photodetectors have already
been demonstrated|23], [140]. Even the non-optimised photodiodes reported in this
work exhibit impressive and comparable detector performances. The main hurdle
in fabricating low-leakage and high responsivity InGaAsSb photodiodes is their
relatively high surface recombination current which has been noted in many other
Sb-based semiconductor devices. As such, the development of suitable passivation
and encapsulation techniques should be the focus of future work. Furthermore,

very dilute alloy InGaAsSb photodiodes have demonstrated an impressively superior
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performance compared to their GaSb counterparts. Therefore, if trying to achieve
cutoff wavelengths similar to that of GaSb, it might be beneficial to use a dilute
alloy InGaAsSh device instead.

One could potentially create a multi-stack structure where each layer has a
different composition with the aim of extending the spectral response, however,
this comes with several challenges. Firstly, the allowed In fractions before reaching
the miscibility gap only cover a narrow 1.7 - 3 um window. Secondly, stacking layers
with different InGaAsSb compositions would introduce band misalignment, which
might result in a device that requires a higher voltage or graded interfaces to lessen
the potential barrier. Furthermore, the leakage of such a structure would still be
limited by the alloy with the narrowest bandgap. As a result, it is believed that the
challenges of creating such a structure outweigh the potential benefits.

In light of the results of this study and the comprehensive literature review
conducted, we recommend a pBn architecture with a wide bandgap AlGa(As)Sb
barrier as the most optimal photodetector structure employing the InGaAsSb
material system. The built-in electric field ensures zero-bias operation at room
temperature, while the AlGa(As)Sb barrier suppresses unwanted leakage currents.
This detector design already achieved the highest specific detectivity of 9.7 x 10
Jones to ever be recorded in an InGaAsSb photodetector at room temperature and

zero bias[140].
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