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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 �m while remaining lattice

matched to GaSb. 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 InxGa1�xAsySb1�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 �m. 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�1 at 2.2 �m and 70% at 1.55 �m

measured in In0:26GaAsSb, respectively. Moreover, the EQE was largely independent

of applied bias, suggesting a minority carrier diffusion length that is greater than

1 �m. 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

In0:30GaAsSb. 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 (R0A) product

with the introduction of In and As to the alloy. The best performance was seen

in the In0:043GaAsSb photodiode which measured a dark current density and R0A

product of 0.36 mA/cm2 at -100 mV and 194 Ωcm2, respectively. Furthermore,

the background carrier concentration extracted from capacitance-voltage (CV)

measurements reduced significantly from 2:7 � 1015 cm�3 in GaSb to 6 � 1014

cm�3 in In0:30GaAsSb which points to a reduced native defect concentration. Dark

current and R0A 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 In0:043GaAsSb photodiode at

8:08 � 1010 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� m,

contains absorption �ngerprints of various important compounds such as CO2,

CH4, H2O, NH3, glucose, and many others[1], [2]. Therefore, sensing in this

region is crucial for applications in remote sensing, telecommunications, medical

sensing, defense, and many other �elds[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� m (marked by the cuto� wavelength

of InP lattice matched InGaAs) and the beginning of the mid-wave infrared (MWIR)

at 3 � m, 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

1



Chapter 1. Introduction and Overview of e-SWIR Detector Structures

substrates[6], [7], and InAs/GaSb[8], InAs/GaSb/AlSb/GaSb[9], InAs/AlSb[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 � m[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 o� rapidly beyond 1.7� m 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 InGaAsSb, 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 
exible bandgap which can be tuned for applications in the

entire e-SWIR region and beyond, between the GaSb cuto� at 1.7� m and 4.9� m, 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 su�er from a

high concentration of native defects introduced during growth which gives rise to its

high residualp-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 
exibility, 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
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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 di�culties. 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 InSb-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 cuto� wavelengths up

to � 3 � m 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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and 3 � m. Furthermore, there is a lack of reliable information available on

some of the important material properties, such as the absorption coe�cient 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 homojunctionp-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 InGaAsSb

photodiodes. MBE-growth of high quality InxGa1� xAsySb1� y layers with 0 �

x � 0:30 was demonstrated in chapter 5, 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 coe�cient and the variation in the bandgap energy with In fraction.

Various electrical properties of InGaAsSb photodiodes including leakage currents,

dynamic resistance, capacitance, and quantum e�ciency are presented in chapter 6.

Finally, as the ultimate �gure of merit that de�nes signal-to-noise performance of a

detector, speci�c detectivity is presented as a function of alloy composition.
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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 ofp-i-n junctions,

leakage characteristics ofp-i-n photodiodes, the role of junction capacitance in such

diodes, and �nally the quantum e�ciency and speci�c detectivity as important

parameters which de�ne the performance of the detectors.

2.1 Absorption coe�cient

The absorption coe�cient, � , is de�ned as the fraction of the light intensity, I ,

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

I
I 0

= e � �t (2.1)

whereI 0 is the incident light intensity, and t is the thickness of the medium. Likewise,

transmission through a medium,T, is de�ned as the ratio of the transmitted light

intensity, I , to incident light intensity, i.e. T = I=I 0. In order to calculate the

absorption coe�cient of a thin �lm, one has to consider multiple re
ections from

the front and back surfaces. In the case of incoherent light, where the thickness of

the �lm, t, is much greater than the coherence length of the light, the interference

5
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e�ects are negligible and the transmission through the �lm is given by:

T =
I
I 0

=
(1 � R1)(1 � R2)e� �t

1 � R1R2e� 2�t
(2.2)

whereR1 and R2 are re
ectivities at the front and back surfaces respectively[47]. If

R1 = R2 = R, the above expression can be simpli�ed to:

T =
(1 � R)2e� �t

1 � R2e� 2�t
(2.3)

where the re
ectivity, R, is given by[47]:

jn � 1j2=jn + 1j2 (2.4)

Here, n is the refractive index of the �lm. 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 � R2)e� �t

1 � 2
p

R1R2 cos (� )e� �t + R1R2e� 2�t
(2.5)

where � is the phase angle between the re
ected and transmitted light given by

(4�nt )=� 0. Here, � 0 is the wavelength of light in vacuum. Such interference

e�ects are seen in GaSb and InGaAsSb samples grown on semi insulating GaAs

substrates due to the relatively large di�erence in the refractive indices between the

two materials and their respective thicknesses. Equation 2.5 will be adjusted to �t

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,Eg, of a semiconductor is de�ned as the energy

separation between the parabolic conduction band minimum and the valence band
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maximum[49]. In III-V compound semiconductors, the absorption coe�cient rapidly

increases at the fundamental edge, typically up to� 104 cm� 1 and continues

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 di�erent materials. A lower DOS in one of the bands will lead

to a lower absorption coe�cient 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 coe�cient in a semiconductor material can be described by:

� (h� ) = A(h� � Eg)n (2.6)

for h� � Eg, whereh� is photon energy, andA is a constant[47], [48], [51]. In a direct

gap material, where the conduction band minimum and the valence band maximum

are located atk = 0, the absorption increases with a square root dependence on

energy, andn = 1=2. In a perfect crystalline intrinsic semiconductor, there is no

absorption for h� < E g. 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 forh� < E g, and can

be empirically described by:

� = � 0exp[(h� � Eg)=EU ] (2.7)

where EU is the characteristic Urbach energy which de�nes the width of the

absorption tail, and � 0 is the absorption coe�cient at the bandgap energy[47],

[54], [55]. Figure 2.1 shows the absorption coe�cient of a typical direct-gap

semiconductor.

The investigation of the Urbach energy plays an important role in determining the
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Chapter 2. Background Theory

Figure 2.1: Absorption coe�cient 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 su�er 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 ofp-i-n photodiodes presented in this work, we �rst

need to understand the workings of a simplep-n junction - the building block of the

vast majority of opto-electronic devices.

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

jointed together. Holes from thep-side di�use across the junction and combine
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2.2. Device physics

with electrons from then-side, leaving behind negatively charged acceptor centres.

The same happens with electrons which di�use across the junction into thep-side,

recombining with holes and leaving behind positively charged donor centres, as

illustrated in �gure 2.2a.

Figure 2.2: Operation of ap-n photodiode under zero bias. a) Di�usion and

recombination of carriers creates the depletion region. b) Band bending ensures the

Fermi level, E f , remains constant across the junction. c) Electric �eld distribution.

As the �xed charges build up around the junction, an electric �eld is produced

which opposes further carrier di�usion 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 �eld and give rise to a drift current which 
ows in the opposite direction to

the di�usion current. An equilibrium will be reached with no net current 
ow across

the junction, such that:

I dif f + I drif t = 0 (2.8)

whereI dif f and I drif t are the di�usion 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,E f , remains constant

across the junction as can be seen in �gure 2.2b, and the resulting potential di�erence

between thep and n sides at thermal equilibrium is called the built-in potential,

V0. 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 di�use across the junction, i.e. minority carrier

injection occurs and current 
ows through the junction. This is the operating

condition for light emitting diodes[56].

Applying reverse bias has the opposite e�ect on the diode; the depletion

width increases and so does the built-in potential, greatly reducing the di�usion

currents[56], as illustrated in �gure 2.3a. However, the large electric �eld enables

the 
ow of thermally generated minority carriers across the junction. This current

is known as the reverse saturation current. A band diagram of ap-n junction

under reverse bias is illustrated in �gure 2.3b. A photodiode is operated under

reverse bias to ensure only a very small current 
ows 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 di�usion length away from it), the electric �eld separates the EHPs which drift

towards the diode terminals, and induce a current 
ow in the external circuit. This
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current is known as the photocurrent.

Figure 2.3: Operation of ap-n photodiode under reverse bias. a) The depletion

region penetrates deeper into then and p layers. b) Applied voltage,VR , increases

the potential step which is equal toe(V0 + VR). d) Electric �eld distribution.

A wider depletion region is preferable to ensure e�cient collection of the EHPs

and maximisation of the quantum e�ciency as well as lower junction capacitance,

hence ap-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].
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The main disadvantage of ap-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 coe�cient, 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 �eld to separate the EHPs. Ap-i-n

diode does not su�er 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 �gure 2.4, is widely used in many opto-electronic

devices, including photodetectors, light-emitting diodes, solar cells, and optical

modulators[47]. What di�erentiates this structure from the basicp-n junction diode

is the existence of a relatively thick intrinsic region between thep and n layers[58].

The intrinsic layer has a high resistivity due to a very low doping level, which

allows the depletion region to extend through to then layer with relatively low

bias, providing a large depleted volume with an electric �eld to separate EHPs.

It is important to note, however, that in practice the intrinsic layer is lightly

(unintentionally) doped which results in the electric �eld not being entirely uniform

across the depletion layer[56]. Thep-i-n diode is usually kept at a su�ciently 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 �eld separates the EHPs created either in the depletion region,

or within a di�usion length of it. The resulting holes and electrons drift across the
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Figure 2.4: a) Operation of ap-i-n photodiode. b) Energy band diagram under

reverse bias. c) Electric �eld 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 in
uences the structure design depending on the desired outcome[58]. To

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

photodetector structure.

2.2.2.1 Current-voltage characteristics

Current 
owing through a biased p-i-n junction can generally be described by the

ideal diode equation[57]:

I = I 0(exp(qV=kT) � 1) (2.9)

where I 0 is the reverse saturation current,V is the applied voltage, k is the

Boltzmann constant, andT 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 fewkT=q. This represents

the ideal di�usion-limited case, where the dark current under reverse bias is caused

by injection of electrons from thep side into the n side and vice versa, the injection

of holes from then side into thep side. Here, dark current refers to any current that


ows through a reverse biasedp-i-n junction without illumination. However, most

diodes deviate from the above expression due to additional e�ects 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 e�ects. These originate either from the bulk of the material (bulk currents),

or the exposed surface of the devices (surface currents).
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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 neutralp 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 di�usion 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 signi�cant 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

�eld 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]:

W =

s
2� 0� r

e
(NA + ND )

NA ND
(V0 � V ) (2.10)

where � 0 is the vacuum permittivity, � r is the relative permittivity of the semicon-

ductor, e is the electron charge,NA and ND are the concentrations of acceptors

and donors respectively, andV 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 di�usion limited case where the reverse current plateaus). This type of

generation is particularly in
uential 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 signi�cant factor. Di�erent leakage mechanisms found in

InGaAsSb photodiodes, including SRH generation, will be discussed in more detail

in section 6.1.1.

In forward bias, where there is no strong electric �eld 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 = I 0(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 di�usion 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, �lled states of thep-region valence band are

energetically on the same level as the empty states of then-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 su�ciently high reverse voltages, where the

potential barrier between thep and n regions is thinned by the large induced electric

�eld[62]. This allows the carriers to more easily overcome the potential barrier. This

tunneling current can be described by the following expression:

I T =

p
2m� q3EV

4� 2~2
p

Eg
exp

�
�

4
p

2m� E 3=2
g

3q~E

�
(2.12)

wherem� is the electron e�ective mass,E is the average �eld inside the junction,V is

the applied reverse voltage, and~ is the reduced Planck's constant (h=2� )[63]. This

type of current is signi�cant in highly doped junctions where the depletion region is

very narrow and the electric �eld at the junction very large[62], since the tunneling

current has an exponential dependence on the electric �eld. The tunneling current

also depends on the electron e�ective mass which can vary signi�cantly between

di�erent 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

�eld 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 2.5 shows some of the leakage

mechanisms in a reverse-biasedp-i-n diode.

(iii) Auger generation

Auger generation is a three-carrier band-to-band process which can take place via

several di�erent 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 inn- 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-biasedp-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 signi�cant

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 neutralp and n regions if their resistivity

is not su�ciently 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 neutraln 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 simpli�ed case, these ohmic losses can be represented by a resistor,

Rs, connected in series with the diode[62]. In this case the junction voltage can be

written as V � IR s, and the diode equation becomes:

I = I 0(exp(q(V � IR s)=nkT) � 1) (2.13)

where IR s 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 di�erence 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 
ow, 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]:

I = I 0

�
exp

q(V � IR s)
nkT

� 1
�
+

V � IR s

Rsh
+ I T (2.14)

where Rsh is the shunt resistance due to surface leakage contributions. Di�erent

current mechanisms typically dominate at di�erent voltage ranges. Figure 2.6 shows

forward and reverse IV characteristics of ap-i-n junction diode.

In forward bias and at low current levels, generation-recombination current

dominates andn � 2, at moderate current levels, di�usion current dominates and

n � 1, and at high current levels, high injection occurs andn 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 e�ects cause an increase in the overall diode current, so

that I diode > I 0. Additionally, this reverse saturation current density can be written

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

I D

A
= Jd + Jg� r +

�
P
A

�
Js (2.15)

where I D is the diode current,A is the device area,P is the device perimeter, and

Jd, Jg� r , and Js are the reverse saturation current densities due to the di�usion

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 typicalp-i-n junction diode, adapted from Sze et

al.[63], showing voltage-dependent leakage mechanisms; a) shunt resistance e�ects,

b) recombination current region, c) di�usion current region, d) high injection region,

e) series resistance e�ects, and f) reverse leakage due to generation current and

surface e�ects.

di�usion 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 �gure of merit is the dynamic resistance,Rd, de�ned asdV=dI, often

measured at 0 V (the so-called zero bias resistance,R0). It is often more useful to

look at the RdA 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 di�usion 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=RdA on P/A ratio developed by Gopal et al.[67], [68]

for MCT (mercury cadmium telluride) photodetectors. According to this model,

the 1=R0A is given by[31]:

1
(R0A)

=
�

1
(R0A)D

+
1

(R0A)g� r

�
+

�
Lp

1
(R0As)s

��
P
A

�
+

�
L2

p

4
1

(R0As)s

��
P
A

� 2

(2.16)

whereLp is the minority hole di�usion length, and (R0A)D , (R0A)g� r , and (R0As)s

are the zero bias resistance area products due to the di�usion 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 di�usion length of

minority carriers is much greater than the thickness of thep and n regions. In a

device with negligible surface leakage, 1=R0A is independent of device dimensions.

However, if surface currents are the dominant leakage mechanism, then 1=R0A will

increase with increasing P/A ratio, showing a quadratic dependence. The x-axis

intercept (at P/A = 0), provides the upper R0A limit that can be achieved for a

given material system, assuming an in�nite diode with no surface e�ects. In other

words, it provides theR0A 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=R0A can

be expressed as:

1
(R0A)

=
1

(R0A)D
+

�
Lp

1
(R0As)s

��
P
A

�

+
�

(Lp � (xn=cos�))2

4
+

x2
n tan2�

8

��
P
A

� 2 1
(R0As)s

(2.17)

wherexn is the etch depth past the junction and� is the angle of the sidewall. As is

evident from the above equation, even in devices with angled sidewalls 1=R0A 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 normalisedR0A format.

2.2.2.2 Junction capacitance

Another important parameter of ap-i-n photodiode is the junction capacitance due

to the dipole in the depletion region which dominates under reverse bias. Junction

capacitance is de�ned asC = 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 thep and n sides respectively must remain equal,

such that:

wpNA = wnND (2.18)

where wp and wn are widths of the depletion region on thep 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]:

C = A
� 0� r

W
(2.19)

According to equation 2.18, the depletion region will extend into then and p

regions unequally if the two layers have di�erent doping levels. If the intrinsic region

of the p-i-n junction is lightly p doped, thenND >> N A , 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 surroundingp and n layers.

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

entirely into the less heavily doped side such thatwp � W, while wn � 0. Since the
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total charge, Q, on each side of the depletion region is given by

jQj = qAwnND = qAwpNA (2.20)

where width of the depletion region given in equation 4.3 can be simpli�ed to

W =

r
2� 0� r

eNA
(V0 � V ) (2.21)

in the case whereND >> N A , then the total charge in the depletion region is equal

to

jQj = A
p

2e�0� r NA (V0 � V ) (2.22)

The capacitance of the single sided junction, de�ned asjdQ=d(V0 � V )j, is then given

by:

C =
A
2

r
2e�0� r

V0 � V
NA (2.23)

if ND >> N A , or

C =
A
2

r
2e�0� r

V0 � V
ND (2.24)

if NA >> N D . Hence it is possible to extract the doping concentration of the lightly

doped region from a capacitance measurement, if the applied reverse voltageV is

much greater thanV0[62]. The doping concentration is then given by:

NA;D =
2C2V

eA2� 0� r
(2.25)

2.2.3 Quantum e�ciency

The external quantum e�ciency (EQE), � , of a photodetector is de�ned as a fraction

of charge carriers generated for each incident photon that 
ow in the external

circuit[47], and is given by:

� = I pc
h�
eP

= I pc
1:24
P �

(2.26)
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whereI pc is the photocurrent,P is the incident optical power, and� is the wavelength

in micrometers. A quantum e�ciency 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 re
ection 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 �eld of thep-n junction.

Even photogenerated carriers in the depletion region can recombine or fall into traps

without contributing to the photocurrent[56]. The internal quantum e�ciency is

de�ned as the number of photogenerated EHPs perabsorbedphoton and is a good

indicator of the material and device quality which in
uences the detector's ability

to convert optical input into electrical signal.

Responsivity of a photodetector,R, is de�ned as the photocurrent (number of

photogenerated carriers) produced for a given optical power and is related to the

external quantum e�ciency through[58]:

R =
I pc

P
=

��
h�

=
��

1:24
[A/W] (2.27)

Both responsivity and quantum e�ciency 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[58].

As mentioned previously, at higher photon energies fewer EHPs are created in the

depletion region as more light is being absorbed in the topp layer, since the fraction

of light absorbed in the length of the material,t, is equal to (1� e� �t ), assuming no

re
ection at the top surface[47].

2.2.4 Speci�c detectivity

Another important device parameter is the speci�c 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:

D � (� ) =
R(� )

q
4kT
Rd A + 2qJ

(2.28)

whereJ is the dark current density. Speci�c detectivity is also often de�ned as the

reciprocal of the noise-equivalent power,D � = 1=NEP, where NEP is the minimum

power needed to produce a signal above the noise 
oor of the device[70]. Equation

2.28 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 
uctuations in the

movement of charge across a junction or interface [51]. Another possible source of

noise in photodetectors is 
icker noise de�ned 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 
ow[71], [72]. It is di�cult to quantify 
icker 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. 
icker 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 GaSb-based photode-

tectors. The �rst 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 cuto� wavelength of 1.7� m (0.73 eV bandgap), has routinely demon-

strated poor detector performance due to various growth and fabrication limitations.

Epitaxially grown GaSb su�ers 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 bep-type regardless

of growth conditions and technique employed[20], [74]{[77], with a typical carrier

concentration on the order of 1016 � 1017 cm� 3 [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 GaSb 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, �nally

resulting in the formation of GaSb 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 GaSb and produce

samples with reduced background doping concentrations.

Lee et al.[75] investigated the e�ect of substrate temperature and excess antimony


ux 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


ux at a particular growth temperature, with the lowest background doping of

7:8 � 1015 cm� 3 achieved. Similarly, Chidley et al.[76] studied the e�ect 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 e�ect 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 e�ect of growth temperature and solution composition

on the background carrier concentration. They found that reducing the growth

temperature below 600� C and growing from Sb-rich solutions signi�cantly reduced

the native defects in the material, producing GaSb layers with carrier concentration

as low as 2� 1015 cm� 3 at 590� C. While growing from a liquid phase is substantially

di�erent 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 e�ect 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] con�rmed that growing GaSb 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 �nd 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 di�erent iterations of the hybrid density-

functional theory (DFT) model have been carried out in an attempt to identify the

dominant native defect responsible for thep-type background in GaSb, and predict

the concentration of such defects under di�erent growth conditions. Hakala et al.[83]

have found, in line with previous research, that the dominant native defect is indeed

the GaSb 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 GaSb antisite defect being the dominant source of the background hole

concentration, but only in Ga-rich growth conditions. They also predict a decrease

in GaSb antisites and a corresponding reduction in thep-type conductivity when

moving towards Sb-rich conditions. However, counter to experimental �ndings, the

model also predicts SbGa antisite becoming the dominant defect in Sb-rich growth
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conditions, which would result in the background doping of GaSb switching fromp-

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 bep-type in

Sb-poor conditions, but semi-insulating when grown in Sb-rich conditions due to the

compensating nature of the SbGa antisite. In an attempt to explain the discrepancy

between the calculations and experiment, they proposed that the formation of the

compensating SbGa defect might be suppressed in non-equilibrium growth techniques

or other unwantedp-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 GaSb antisite is the

dominant native defect responsible for backgroundp-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 Sb-based alloys

which was shown to be the main contribution to the overall dark current in Sb-based

photodetectors[19]. The GaSb surface is highly reactive and is covered in a layer of

native oxides, a mixture of Sb2O3 and Ga2O3, when exposed to air. The Sb2O3 then

spontaneously reacts with GaSb to produce Ga2O3 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:

2GaSb + 3O2 ! Ga2O3 + Sb2O3 (3.1)

Sb2O3 + 2GaSb ! Ga2O3 + 4Sb (3.2)

Lin et al.[90] con�rmed 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 xGa1� xAs ySb1� y alloys

InxGa1� xAsySb1� y alloy has been studied as a promising material system since the

second half of the 20th century for a range of IR applications, including optical

�bers[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 
exible bandgap which can be tuned for wavelengths between

1.7 � m and 4.9 � m whilst remaining lattice-matched to GaSb[18]. However, the

growth of InxGaAsSb 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[18], [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

InxGa1� xAsySb1� y 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)1� x(InAs0:91Sb0:09)x [100].

The existence of the miscibility gap was �rst predicted by various thermodynamic

models, and later con�rmed via experiment, however, the exact boundaries of this

region are not precisely known and are found to vary between di�erent models and

experiments[18], [35]. When growing InGaAsSb layers at temperatures below the

critical temperature, TC, 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

signi�cantly higher than typical growth temperatures. The range of compositions

that can be grown before encountering phase separation are found to be dependant

on the speci�c 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 InxGaAsSb 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 �ne-tuning of the growth parameters[29], [30], [103], 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 di�erent experiments, Wang et al. showed that growing

InxGaAsSb layers with increasing x fractions resulted in signi�cant 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 InxGa1� xAs1� ySby, 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� m/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 di�usion 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

InxGaAsSb 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 signi�cant 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 signi�cant 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 
ux 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 InxGaAsSb 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 di�usion 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 di�usion 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 coe�cient

data are scarce, while most work focuses on theoretical models with limited success.

The following section will summarise previous research on optical characteristics of

InGaAsSb.

Bandgap energy

A considerable amount of e�ort 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 �t 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 �t 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 �gure 3.2.

Figure 3.2: Bandgap energy variation with composition, x, for

(GaSb)1� x(InAs0:91Sb0:09)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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Eg = [0:727(1� x) + 0 :283x � 0:75x(1 � x)]eV (3.3)

for (GaSb)1� x(InAs0:91Sb0:09)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 InxGa1� xAsySb1� y 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 In0:22GaAsSb. 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

InxGa1� xAsySb1� y layers with 0:07 . x . 0:15. The bandgap energy was found

to reduce from 0.65 eV in In0:071GaAsSb, to 0.56 eV in In0:180GaAsSb, as inferred

through absorption measurements. Cherng et al.[116], [117] grew InxGa1� xAsySb1� y

alloys via OMVPE on various substrates to achieve a wider range of compositions

with 0:29 � x � 0:83. The bandgap energy of In0:32GaAsSb grown on GaSb was

estimated from PL measurements to be 0.442 eV. A few years later, Wen'gang and

Aizhen [41] grew InxGa1� xAsySb1� y 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 In0:047GaAsSb to 0.419 eV in In0:395GaAsSb.

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 InxGa1� xAsySb1� y samples with 0:18 . x . 0:26 via

MBE on both GaSb and GaAs substrates. The bandgap energies, estimated from

transmission data, varied between 0.540 eV measured in In0:178GaAsSb and 0.544 eV

measured in In0:259GaAsSb, and were slightly higher than Moon's calculation. Wang
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et al.[106] estimated the bandgap energies of OMVPE-grown InxGa1� xAsySb1� y

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 In0:043GaAsSb to 0.550 eV in In0:204GaAsSb. The authors

proposed a bowing parameter of 0.71 eV, lower than the value recommended by

Vurgaftman. The above data is summarised in �gure 3.3. Please note that this

�gure 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.

Figure 3.3: Bandgap energy variation with alloy composition for InxGa1� xAsySb1� y.

Solid lines represent interpolation schemes proposed by Moon (black) and

Vurgaftman (red). Symbols show experimental data available in literature.
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Absorption coe�cient

Several models have been developed for calculating the absorption coe�cient 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 coe�cient of InGaAsSb remains scarce, and is focused mainly

on alloys with higher In fractions.

Wengang et al.[123] were one of the �rst authors to measure the absorption

coe�cient of MBE-grown In xGaAsSb with x = 0.266 via IR spectroscopy. They

found, in agreement with theory, that for energies below the band edge, the

absorption coe�cient increases exponentially with h� , whereas for energies above

the band edge the absorption coe�cient increases according to equation 2.6 with

n � 1/2, thus con�rming 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 coe�cient of OMVPE-grown In xGaAsSb 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 coe�cient of LPE-grown

InxGaAsSb with x = 0.168 from transmission measurements. Similarly to Wengang,

they found that the absorption coe�cient varies exponentially with energy below

the absorption edge, i.e. an Urbach tail is present. Likewise, the above bandgap

absorption �ts well to the expression 2.6, with n� 1/2. Anikeev et al[124] and Li et

al.[99] have measured the absorption coe�cient in OMVPE-grown In0:15GaAsSb and

MBE-grown In0:22GaAsSb respectively, however, no further analysis is presented.

The above theoretical and experimental data is shown in �gures 3.4b and 3.4a,

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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